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Abstract
This dissertation presents novel biodegradable and photo-crosslinkable poly(-caprolactone)
acrylates (PCLAs) to achieve polymer networks with controllable surface chemistry, stiffness, and
topographical features, as well as crystallization-induced PCL, poly(3-hydroxybutyrate) (PHB)
and poly(L-lactic acid) (PLLA) surfaces for investigating cell-material interactions. Chapter I
reviews the recent progress of injectable polymeric biomaterials in the last decade for various
tissue engineering applications. Chapter II investigates the variation of thermal and mechanical
properties of PCL triacrylate (PCLTA) networks with different crosslinking time, and further
studies the smooth muscle cell (SMC) responses to these networks. Chapter III studies the SMC
responses to hydrolyzed PCLTA/methoxyl polyethylene glycol monoacrylate (mPEGA) networks,
and the in vitro degradation of the crosslinked PCLTA and PCLTA/mPEGA networks. Chapter
IV introduces the synthesis, and characterization of four-arm and six-arm PCLAs, and further
demonstrates SMC responses to tunable stiffness of the photo-crosslinked PCLA networks.
Chapter V investigates the roles of microgroove dimensions in promoting SMC functions on
photo-crosslinked PCLA substrates, and further reveals SMC migration can be altered by
microgroove dimensions. Chapter VI presents a facile method to synthesize photo-crosslinkable
polyhedral oligomeric silsesquioxane (POSS)-PCL diacrylate (POSS-PCLDA) elastomers using
POSS as initiator for potential applications in cardiovascular and peripheral nerve regeneration.
The crystallinity of PCL network was compressed by POSS molecule, and the amorphous POSSPCLDA networks were elastomeric at physiological temperature. Chapter VII describes the
epitaxial crystallization and surface segregation in modulating pre-osteoblastic cell behavior on
PCL/PEG substrates. PCL/PEG films had different morphologies on different substrates, and
introduced different cell behaviors. Chapter VIII investigates the SMC responses to PHB
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spherulites. Instead of the banded structures, the cracks on the PHB films were found to be more
important in regulating cell alignment. Chapter IX presents the role of PLLA crystallization in
regulation cell behaviors. Rougher surfaces of PLLA were found to be worse in supporting cell
attachment and proliferation.
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1.1 Introduction of injectable polymeric systems
Polymeric biomaterials have emerged in the field of regenerative medicine to improve patients’
life quality and alleviate the need of highly invasive surgical procedures. Injectable biomaterials
offer exceptional healing benefits for patients suffering from diseased tissues or traumatic injuries.
Advantages of using injectable polymeric biomaterials include their tunable physicochemical and
topographical properties, injectability, which means that the system is a liquid above its softening
point and can be used as an injectable matrix and then is able to harden in situ to fill irregularly
shaped defects, and manufacturability into various structures for diverse tissue engineering
applications [1-5]. In addition to physical gels that are prepared using non-covalent bonding,
injectable polymeric biomaterials can be cured via photo-initiation, heat, or redox process. These
injectable polymers are mostly biodegradable in order to enhance tissue integration and allow for
viable substitutes for autografts and allografts [1,6-9].
Here I review a series of injectable polymeric biomaterials reported by Dr. Shanfeng Wang
and his co-workers in the last decade for various tissue engineering applications. These injectable
and biodegradable polymeric systems include homo-polymers, copolymers, and polymer blends
developed on the basis of poly(propylene fumarate) (PPF), poly(-caprolactone) (PCL), and
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poly(ethylene glycol) (PEG), and their composites with hydroxyapatite (HA) nanoparticles or
polyhedral oligomeric silsesquioxane (POSS) nanocages. First, I will discuss their synthesis,
structures, and physicochemical properties. Then I will discuss different methods of fabricating
these injectable polymeric biomaterials into two-dimensional (2D) substrates with surface patterns
such as parallel/concentric microgrooves and honey-comb pores, and three-dimensional (3D)
structures such as porous bone scaffolds and nerve conduits. At last, the applications of these
injectable polymeric biomaterials will be elaborated in terms of both in vitro regulation of cellular
responses and in vivo tissue regeneration.

1.2 Materials
1.2.1 PPF-based injectable polymeric systems.
PPF [10-13]. PPF is an injectable, photo-crosslinkable, and biodegradable linear unsaturated
polyester developed for orthopedic applications to replace clinically used non-degradable
poly(methyl methacrylate) (PMMA)-based bone cement [10-13]. PPF has unique handling
characteristics as it can be injected together with diluents such as its own monomer, diethyl
fumarate (DEF), and crosslinked by ultraviolet (UV) light or thermal initiation to fill bone defects
or fabricate 3D porous scaffolds with controllable pore size, porosity, and geometry [4,5].
As demonstrated in Figure 1.1, PPF has one fumarate segment in the repeating unit and can be
modified or crosslinked through this carbon-carbon double bond. PPF is normally synthesized
through a two-step polycondensation between DEF and 1,2-propane diol in presence of ZnCl2 as
the catalyst and hydroquinone as the crosslinking inhibitor at temperatures of 130-160 °C with
assistance of vacuum. The molecular weight of PPF can be controlled by using different reaction
times [12]. PPF is an amorphous polymer with the glass transition temperatures (Tg) of -30-30 °C
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in the weight-average molecular weight (Mw) range of 1110-17900 g/mol and a strong molecular
weight dependence exists when the number-average molecular weight (Mn) was lower than 5000
g/mol [12]. A variety of macroscopic physical properties and microscopic chain dimensions for
both PPF melts with molecular weights in that range and solutions in DEF or tetrahydrofuran
(THF) have been obtained and correlated with the molecular weight, which are very informative
for practical uses of PPF [12]. Based on the Mn dependence of Tg, the Tg for the infinite molecular
weight (Tg∞) was calculated to be 31.9 °C for PPF, which is between room temperature and body
temperature (37 °C), suggesting that the attempts to increase the molecular weight of PPF may not
be beneficial because fabrication of force-bearing PPF scaffolds still requires crosslinking [12].
The on-set thermal degradation temperature (Td) and density () of PPF were also found to increase
with Mn but the dependence was much weaker [12]. The master curves of storage modulus (G')
and loss modulus (G") as functions of frequency () showed that the PPF samples were
unentangled even at the Mw of 17900 g/mol [12]. The zero-shear melt viscosity (0) of PPF also
strongly depended on the molecular weight and the temperature dependence of 0 was stronger at
a higher molecular weight, which was attributed to the variance in Tg [12].
PPF-co-PCL [14,15]. To achieve polymeric biomaterials with a wide range of controllable
physicochemical properties for diverse tissue engineering applications, a series of injectable,
crosslinkable, and biodegradable multi-block PPF-co-PCL copolymers with PCL weight
compositions (PCL) of 29-90% (Figure 1.1) have been synthesized via polycondensation of
oligomeric PPF with PCL diols.14 After introduction of more flexible PCL segments with a lower
Tg of -60 °C, the copolymers had much lower Tg values, higher chain flexibility, and faster
relaxation than those of PPF and these physicochemical characteristics were efficiently modulated
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Figure 1.1 Chemical structures of the injectable and biodegradable polymers discussed in this chapter.
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by using PCL [14]. At a high PCL of 90%, the copolymer was semi-crystalline and formed banded
spherulites at room temperature [14]. For PPF-co-PCL copolymers, semi-crystalline PCL blocks
were covalently linked in the backbone. Thus after crosslinking, the crystallinity was significantly
suppressed and only crosslinked PPF-co-PCL (PCL = 90%) was still crystalline at room
temperature. The swelling ratios of crosslinked PPF-co-PCLs in methylene chloride (CH2Cl2) and
ethanol progressively increased with increasing PCL while little swelling was observed in water
[15]. The thermal and mechanical properties of crosslinked PPF-co-PCLs were also efficiently
regulated by PCL, and thus the stiffer networks were used for assisting bone regeneration while
the softer networks were for peripheral nerve regeneration [15].
PPF/PCL blends [16]. To investigate the role of crosslinks in affecting mechanical and
thermal properties at both room temperature and 37 °C, PPF (Mn = 2000 g/mol, Mw = 2800 g/mol)
with a Tg of -0.2 °C was blended with a high-molecular-weight PCL (Mn = 98000 g/mol, Mw =
144000 g/mol) with a Tg of ~-60 °C and a Tm of ~55 °C. Before crosslinking, amorphous PPF
softened PCL and the elastic modulus (E) decreased from 388 ± 24 MPa for the PCL to 38 ± 2.6
MPa for the blend with PPF of 75% at room temperature. After crosslinking, although the
crosslinks suppressed the crystallinity of PCL, the PPF network significantly strengthened the
physical network formed among the PCL crystalline domains. A wide range of mechanical
properties was thus achieved from a flexible material for uncrosslinked PPF/PCL to a stronger and
stiffer material with E of 848 ± 62 MPa for crosslinked PPF/PCL with PPF of 75% at room
temperature. Meanwhile, surface segregation effect was evident as the more mobile component
PPF in the uncrosslinked blends appeared more on the top surface to affect surface chemistry,
topography, and cellular responses.
PPF/PCLF networks [17]. To achieve controllable thermal, rheological, and mechanical
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properties, PPF (Mn = 3460 g/mol, Mw of 7910 g/mol) was blended and photo-crosslinked with
PCL fumarate (PCLF, Figure 1.1), which was synthesized via condensation between PCL diol
with a nominal molecular weight of 530 g/mol and fumaryl chloride (see Section 1.2.2), at various
compositions. Blending with amorphous PPF could suppress the crystallinity of the PCLF
completely when PPF was 50% and photo-crosslinking further constrained crystallization and
resulted in amorphous networks for all the samples including crosslinked PCLF. The crosslinked
PPF/PCLF samples showed a progressive physical change from a flexible and weak material for
crosslinked PCLF to a stiff but brittle material for crosslinked PPF. The blending method was
much simpler than copolymerization of PPF-co-PCLs and the composition range could be wider.
PPF/PCLDA networks [18]. In PPF/PCLF networks discussed above, only one PCLF (i.e.,
PCLF530) was used and all the networks were amorphous. PCL diacrylates (PCLDAs, Figure 1.1)
synthesized from PCL diols with three different nominal molecular weights of 530, 1250, and 2000
g/mol (see Section 1.2.2) were photo-crosslinked with PPF to form networks with simultaneously
controllable crosslinking density and crystallinity, through which the mechanical properties could
be tuned efficiently over a wide range (Figure 1.2). When semi-crystalline PCLDA1250 or 2000
were crosslinked with PPF, crystallinity and crosslinking density collectively regulated the
mechanical properties of the networks and a non-monotonic or parabolic dependence of E on the
blend composition was observed with a minimum at the PCLDA composition of 70% or 80%,
respectively.
PPF/mPEGA networks [19]. Hydrophobicity is one limitation for crosslinked PPF in its
applications because the wettability of medical devices is critical for allowing surrounding body
fluids to penetrate and supply nutrients to cells and tissue that grow inside. Photo-crosslinked PPF
has a water contact angle of ~90°at room temperature [17]. The bulk and surface properties of
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crosslinked PPF were modified by photo-crosslinking the blends of methoxyl PEG monoacrylate
(mPEGA, Figure 1.3) and PPF at various weight compositions of mPEGA (m). Unlike PPF
crosslinked with PEG dimethacrylate (PEGDMA) [20], the PEG dangling chains tethered in the
PPF network did not swell in water but greatly increased surface hydrophilicity or wettability.
Meanwhile, the tensile and compressive moduli, frictional coefficient, and protein adsorption
decreased continuously with increasing m because of the reduced crosslinking density, surface
hydration, and repulsion by the tethered PEG chains.
1.2.2 PCL-based injectable polymeric systems.
PCL is a widely used biodegradable polyester that has shown promising results in making
suitable scaffolds for bone, cardiovascular, epithelial, and nerve repair [5]. PCL can be modified
to enhance its physical properties and biocompatibility [3-5]. Injectable polymers have been
developed by converting the hydroxyl end groups in PCL to fumarate or acrylate groups and these
polymers have been further incorporated with POSS nanocages or HA nanoparticles [3-5,21-25].
PCLF [3,4,21]. PCLFs were synthesized from PCL diols with different molecular weights
(and also different crystallinities and Tm) to achieve injectable and biodegradable biomaterials with
mechanical properties that can be controlled through crystallinity and crosslinking. At first,
trimethylamine (TEA) was used as the proton scavenger to remove the byproduct hydrochloride
(HCl) in synthesizing PCLF but the resulted PCLF had a dark color. Then potassium carbonate
(K2CO3) was used instead and the K2CO3 method resulted in clean PCLFs that were more suitable
for photo-crosslinking. This method is also more convenient and less time-consuming in synthesis
and purification. In addition, the use of K2CO3 can avoid colored, water-soluble, cytotoxic
complexes formed between TEA and unsaturated acyl chlorides or anhydrides, which were the
reason why the synthesized polymer was colorized. The complexes demonstrated the cytotoxicity
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Figure 1.3 Chemical structures of photo-polymerizable mPEGA and PLL.
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even at a very low concentration (0.01 g/L in culture medium) for human embryonic kidney 293
(HEK293) cells [26]. PCLF is able to self-crosslink among the unsaturated fumarate segments at
37 °C and hardens physically through crystallization when the temperature is lower than its T m.
The amount of photo-initiator bis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO) used in
photo-crosslinking PCLF was found to affect the thermal, rheological, and mechanical properties
of the PCLF networks by controlling both crosslinking density and crystallinity simultaneously.
The gel fraction of the PCLF network increased while the swelling ratio in CH2Cl2 decreased
almost monotonically with increasing the BAPO/PCLF ratio from 10 to 23.3 mg/g. The higher
crosslinking density at a higher BAPO/PCLF ratio resulted in stiffer amorphous PCLF530
networks while less stiff PCL1250 and PCL2000 networks because the crystallinity was
suppressed more by a tighter chemical network.
PCLF-co-PEGF [22]. Similar to PCLF, PEG fumarate (PEGF, Figure 1.1) or oligoPEG
fumarate (OPF) was first synthesized by the Mikos group between PEG and fumaryl chloride using
TEA as the proton scavenger [27,28]. PEGF can be photo-crosslinked into a water swellable
network to form hydrogel and the crosslinking density can be controlled by the molecular weight
of PEG precursor [27,28]. In the same report for synthesizing PCLF using the K2CO3 method,
PEGF and amphiphilic PCLF-co-PEGF (Figure 1.1) were synthesized. PEGF-co-PCLF
copolymers can be thermally crosslinked or photo-crosslinked into networks that can swell in both
water and organic solvents, without the need of a crosslinker. The swelling ratios of thermally
crosslinked PCLF-co-PEGF were 106% and 508% in water and CH2Cl2, respectively.
PCLAs [5]. There can be multiple fumarate segments in the PCLF backbone available for
crosslinking. To control the formed networks more precisely, injectable and crosslinkable PCL
acrylates (PCLAs) including PCLDAs and PCL triacrylates (PCLTAs, Figure 1.1) were also
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synthesized via condensation between PCL diols or triols and acryloyl chloride using the K 2CO3
method. Crosslinked PCLAs were excellent model polymer systems integrating a chemical
network and a physical network of connected crystalline domains. The crystallinity and Tm of the
PCLA network were controllable through varying the molecular weight of PCL precursor.
Consequently, their mechanical and rheological properties, surface roughness and hydrophilicity
also varied significantly with the molecular weight of PCL precursor. At first, when the molecular
weight of PCL is low, the PCLA network is amorphous and stiff. When the molecular weight of
PCL increases, the stiffness of the amorphous PCLA network decreases as the crosslinking density
lowers. When the molecular weight of PCL increases further, the PCLA network becomes semicrystalline and this physical network strengthens the chemical network.
PCLA/mPEGA networks [29]. Similar to the strategy used in PPF/mPEGA networks [19],
mPEGA was also photo-crosslinked with semi-crystalline PCLDA2000 at m of 2-30% to modify
its bulk and surface properties. The gel fraction of the PCLDA/mPEGA network varied gradually
from ~80% to ~70% when m increased from 2% to 30% but little swelling was seen in water.
The E and tensile stress at break of the network at 37 °C decreased while the tensile strain at break
increased with increasing m. Surface characteristics such as frictional coefficient,
hydrophobicity, and protein adsorption were greatly reduced by tethering PEG chains into the
PCLA networks.
1.2.3 PEG-based injectable polymeric systems.
PEG is inherently inert to protein adsorption and cellular affinity. Chemical modification is
necessary to improve the cytocompatibility and bioactivity of PEG-based hydrogels. Similar to
PEGF, PEG diacrylates (PEGDAs) were synthesized using facile condensation between PEG with
two hydroxyl end groups and acryloyl chloride in the presence of K2CO3 [30]. To achieve networks
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with different crosslinking densities and consequently different swelling ratios in water and
hydrogel stiffnesses, three different PEG precursors with nominal molecular weights of 1000,
3400, and 10000 g/mol were used in synthesizing PEGFs and PEGDAs [22,30]. Photopolymerizable poly(L-lysine) (PLL, Figure 1.3) with one end-capped allyl group was synthesized
via ring-opening polymerization of -carbobenzyloxy-L-lysine-N-carboxyanhydride using
allylamine as the initiator [30]. Both photo-polymerizable PLL and [2-(methacryloyloxy)ethyl]trimethylamoonium chloride were photo-crosslinked with PEGDA to incorporate positive charges
into the hydrogels [30,31]. In addition to photo-crosslinkable PEGF and PEGDA for achieving
hydrogels, photo-polymerizable mPEGA discussed earlier was synthesized via acrylation of
methyoxyl PEG with one hydroxyl group in the presence of K2CO3 and crosslinked with photocrosslinkable hydrophobic PPF or PCLDA to improve surface hydrophilicity/wettability [19,29].
1.2.4 Injectable polymer composites/hybrid systems.
Crosslinked PPF was stiff but brittle and this weakness limits its load-bearing applications
[32,33]. To improve the mechanical properties and also biocompatibility while maintaining the
injectability, POSS nanocages and HA nanoparticles have been mixed or copolymerized with PPF
to prepare photo-crosslinkable, injectable, and biodegradable nanocomposites [1,14-18,32,33].
PPF/mPOSS [33]. Methacryl-POSS (mPOSS, Figure 1.4) with eight methacryl groups was
blended with PPF samples having two different Mw of 1150 and 5200 g/mol to form injectable and
photo-crosslinkable hybrid organic-inorganic composites. mPOSS behaved as a crosslinker to
decrease the 0 of PPF, expedite the photo-crosslinking, and increase the photo-crosslinking
efficiency. Photo-crosslinked PPF/mPOSS had higher stiffness and faster hydrolytic degradation
in 1 M NaOH aqueous solution. All the photo-crosslinked PPF/mPOSS disks were amorphous and
transparent with similar surface roughnesses of ~10 nm. The networks prepared with the higher-
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Figure 1.4 Chemical structures of three different POSS molecules used to incorporate with photocrosslinkable polymers.
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Mw PPF were always stiffer, regardless of the weight composition of mPOSS (mPOSS). The surface
hydrophilicity and protein adsorption did not vary significantly after adding mPOSS into PPF.
PPF-co-POSS [1]. Injectable and photo-crosslinkable PPF-co-POSS copolymers (Figure 1.1)
with different POSS weight compositions (POSS) were synthesized via two-step polycondensation
between DEF and monomers with two hydroxyl end groups: 1,2-propane diol and 1,2-propane diol
isobutyl POSS (Figure 1.4). The tensile and compressive moduli and fracture toughness of photocrosslinked PPF-co-POSS were enhanced simultaneously by increasing POSS up to 10%, in which
the crystallinity of POSS was completely suppressed. The enhanced fracture toughness was
attributed to the shear yielding of nanovoids formed between POSS nanoaggregates. Further
incorporation of POSS decreased crosslinking density and induced brittleness from the crystalline
regions of POSS, leading to decrease in stiffness and strain at break.
PCLTA/iPOSS [25]. In another study, PCLTAs having two different molecular weights of
~7000 and ~20,000 g/mol were mixed and photo-crosslinked with methacryl isobutyl POSS
(iPOSS, Figure 1.4). Because of the different PCLTA molecular weights, one group had the
amorphous polymer matrix of crosslinked PCLTA7k while the other had the semi-crystalline one
of crosslinked PCLTA20k. Unlike mPOSS, iPOSS had only one reactive methacryl group to be
incorporated with PCLTA networks and did not behave as a crosslinker. The POSS nanocages
tethered in the PCLTA networks in general strengthened the polymer matrices and lowered the
surface friction coefficient, but did not significantly alter the surface roughness, wettability, and
the capability of adsorbing serum proteins. The PCLTA20k group always had much higher values
in E, strain at break, and compressive modulus, regardless of the composition of iPOSS (iPOSS),
and the effect of adding iPOSS became negative when iPOSS was higher than 10%.
PPF/HA [32]. Thermally crosslinked PPF/HA nanocomposites were prepared by mixing PPF
15

with HA nanoparticles and crosslinked at 60 °C to enhance the biocompatibility of PPF network.
The thermal crosslinking procedure was performed using 1-vinyl-2-pyrrolidionone (NVP) as the
crosslinker, benzoyl peroxide (BPO) as the free radical initiator, and N-dimethyl-p-toluidine
(DMT) as the accelerator. In contrast with photo-crosslinked PPF/mPOSS, HA nanoparticles did
not affect the compressive modulus of PPF networks but increased surface hydrophilicity and
serum protein adsorption significantly because the nanocomposite disks were cut from cylinders
and the HA nanoparticles were exposed sufficiently on the disk surface.
PCLF/HA [24]. PCLF530 and PCLF2000 were used as two polymer matrices to mix with HA
nanoparticles and photo-crosslinked into nanocomposites with the HA weight compositions (HA)
of 5%, 10%, 20%, and 30%. The preparation method was distinct from that for preparing thermally
crosslinked PPF/HA nanocomposites, as the HA nanoparticles could be covered in the polymer
matrix instead of being exposed, especially in the semi-crystalline one of PCLF2000. As the result,
surface hydrophilicity and the capability of adsorbing serum proteins was not improved or even
decreased. The G' and E values of photo-crosslinked PCLF/HA nanocomposites were all enhanced
significantly but the compressive modulus did not change much for crosslinked PCLF2000/HA
nanocomposites.
PCLDA/HA [23]. In order to elucidate how the exposure of HA nanoparticles affected the
surface properties and biocompatibility of the composites, photo-crosslinked PCLDA/HA
nanocomposites with HA of 10, 20, and 30% were also prepared using PCLDA530 and
PCLDA2000. Unlike PPF/HA nanocomposites, the tensile, compressive and shear moduli were
greatly enhanced by incorporating HA nanoparticles with the PCLDA matrices. HA nanoparticles
were found to disperse unevenly from the top surface to the bulk, especially in semi-crystalline
crosslinked PCLDA2000/HA nanocomposites, where crystallization occurred over HA
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nanoparticles. Cutting the crosslinked PCLDA/HA using a blade exposed the embedded HA
nanoparticles and resulted in higher surface hydrophilicity and higher protein adsorption, in
contrast with the invariant surface hydrophilicity in the original surfaces of the crosslinked
PCLDA/HA nanocomposites before exposure of the embedded HA nanoparticles.

1.3 Fabrication of structures
All the injectable and biodegradable polymers discussed in Section 2 have been photocrosslinked into 2D disks with or without surface features and 3D structures that can be directly
used for tissue regeneration (Figure 1.5). The surface features included honeycomb patterns with
controllable pore sizes and concentric or parallel microgrooves with pre-designed groove
dimensions. The 3D structures fabricated using these injectable polymers included nerve conduits
and porous bone scaffolds.
1.3.1 Surface patterns.
Honeycomb patterns [34,33]. Honeycomb-patterned films of crosslinked PCLTA were
fabricated by integrating the breath-figure method with photo-crosslinking (Figure 1.5a). Two pore
sizes of 5.6 and 3.0 m were achieved at the air flow rates of 0 and 50 mL/min, respectively. It is
a facile method for generating substrates to mimic bone topography and enhance bone growth, and
can be further extended to large-area stereolithographic production. Although the dry honeycomb
films of photo-crosslinked PCLTA demonstrated higher hydrophobicity, this effect did not
function as all the films were rinsed in culture media prior to cell seeding. The amounts of serum
proteins adsorbed on the honeycomb-patterned films were significantly higher than that on the flat
control, as attributed to the larger surface area instead of the surface chemistry of the porous films.
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Figure 1.5 Representative 2D photo-crosslinked PCLTA substrates with (a) honey-comb pores, (b)
concentric microgrooves, and (c) parallel microgrooves, and 3D structures such as (d) a salt-leached
porous bone scaffold of photo-crosslinked PPF-co-PCL (PCL = 31%), (e) a thermally crosslinked
PPF/HA nanocomposite scaffold from a wax mold, and (f) a photo-crosslinked PCLF2000 neve conduit.
Scale bars are 30 m, 200 m, 50 m, 1 mm, 0.6 mm, and 1 mm in (a-f), respectively. (Adapted from
references [2,34,35,38], with copyright permission)
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Microgrooved structures [2,35,36]. Both concentric (Figure 1.5b) and parallel (Figure 1.5c)
microgrooved substrates of photo-crosslinked PCLTAs with various groove widths (same as the
ridge width) of 5-90 m and depths of 0.2-12 m were fabricated through replica molding from
silicon wafers with pre-designed patterns, which were made using a standard microfabrication
procedure that included photo-lithography, physical vapor deposition, lift-off, and dry plasma
etching processes. PCLTA with two molecular weights of ~7000 and ~10000 g/mol were used for
comparison between a stiffer, semi-crystalline substrate and a more compliant, amorphous one.
Using the same method, microgrooves with groove widths of 5 or 15 m and a fixed depth of 5
m were also incorporated with photo-crosslinked PCLTA20k/HA nanocomposites [36]. In these
microgrooved nanocomposite substrates, the distribution of HA was controlled to be either
uniform or “heterogeneous”, meaning that HA was located only on the ridges or the groove bottom,
by which surface chemistry, morphology, and stiffness were different in different regions.
1.3.2 3D structures.
Porous scaffolds [10,11,15,37,38]. Salt-leaching is an easy method to fabricate porous
polymer scaffolds through mixing polymer solution with salt particles and leaching away the salt
in water after polymer solidification. Both pore size and porosity can be regulated by the salt
particle size and polymer/salt ratio; however, pore connectivity is poor and pore geometry is not
controllable. Thermally crosslinked PPF and PPF/HA cubic porous scaffolds with a pore size of
300-500 m and a porosity of 55% and photo-crosslinked PPF-co-PCL cylindrical porous
scaffolds with a pore size of 300-400 m and a porosity of 80% (Figure 1.5d) were fabricated
using this method [15,38].
Stereolithography is an effective technique to fabricate photo-crosslinkable polymeric
biomaterials into highly complex 3D scaffolds with controlled microstructures for tissue
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engineering applications. Photo-crosslinked PPF scaffolds were fabricated using PPF/DEF resins
with three different weight ratios and BAPO contents [10]. PPF molecular weight and the resin
composition are critical for stereolithographical fabrication of 3D porous bone scaffolds because
they determine the resin viscosity and the scaffold mechanical properties. When the PPF molecular
weight and/or composition are too high, the resin viscosity is too high to be processed. If too low,
photo-crosslinking is inefficient and the final scaffold is too weak. The fabricated PPF scaffolds
were characterized in terms of external dimensions, porosity, mean pore size, and compressive
modulus, and then compared to the computer-aided design (CAD) models. In xy-plane accuracy
features were achieved and over-curing in z-axis was minimized.
A multi-nozzle-based versatile deposition system was developed to flexibly construct porous
scaffolds using polymers with distinct physicochemical properties, for example, thermoplastics
and photo-crosslinkable polymers [37]. Because the structural material is selectively deposited to
a wax mold, it is convenient to use different materials at different layers and even at different
desired locations in one layer. Using this deposition system supplemented with a UV-curing
apparatus, PPF/DEF resin was fabricated into 3D porous bone scaffolds and characterized in terms
of compressive mechanical properties, morphology, pore size, and porosity. In general, there is an
inversely proportional relationship between porosity and compressive strength of the fabricated
structure of a given polymer. By adjusting different structural parameters of porosity and pore size
along with selection of desired materials, the mechanical strength of the designed scaffolds can be
optimized.
3D printing and injection molding technique was used to fabricate 3D porous PPF scaffolds
with assistance of pre-designed CAD models to control porosity, pore geometries, and pore
dimensions [11]. First, a 3D phase-change ink jet printer, PatternMaster, was used to layer by layer
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create a cube combining a building material, polystyrene (PS), and a support material, wax, which
can dissolve in different solvents. After printing, PS was removed by dissolution in acetone and
then the wax negative mold was ready for the polymerizing PPF resin to be thermally cured inside.
PPF scaffolds were then obtained after the wax was dissolved in a cleaner solution. Crosslinked
PPF/HA nanocomposite scaffolds (Figure 1.5e) were also fabricated using this method [38].
Compared with random salt-leached pores, the scaffolds had fully interconnected pores, leading
to a significantly larger accessible void volume fraction.
Nerve conduits [3,15,29]. Based on their desirable mechanical properties (e.g., flexibility and
tear resistance), PCLF, PCLDA, PPF-co-PCL (PCL = 90%), and mPEGA/PCLDA were selected
to fabricate conduits for assisting peripheral nerve regeneration. To facilitate photo-crosslinking,
a mold composed of a glass tube, a stainless-steel wire (or multiple wires), and two Teflon endcaps, was developed. Polymer/BAPO/CH2Cl2 solution was transferred into this mold and placed
under a UV light to fabricate single-lumen and multi-lumen nerve conduits. Among three networks
of PCLF530, PCLF1250, and PCLF2000, crosslinked PCLF2000 was the best candidate material
for substituting autologous nerve conduit because it satisfied the major requirements in fabrication,
degradation rate, flexibility, toughness, suturability/tear resistance, and biocompatibility. It is also
convenient to incorporate crosslinked PCLF2000 nerve conduits (Figure 1.5f) with features such
as multiple guidance channels, porous permeable wall structure, support cells, and nerve growth
factor (NGF) [3].
In PCLDA/mPEGA networks, PEG chains were tethered not only onto the surface, but also
inside the bulk. The method had advantages over other surface modification techniques, for
example, self-assembled monolayers or surface-initiated polymerization, as PEG pendant chains
were able to remain in the rest of the PCLDA/mPEGA networks even after degradation. Using
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PCLDA/mPEGA, heterogeneous nerve conduits with a compositional gradient along the wall
thickness were fabricated to address the feasibility of promoting nerve cell functions inside at an
intermediate m of ~5% while prohibiting cell attachment outside at m of 30% [29]. In addition,
lubricated surfaces with improved wettability by having a large amount of PEG pendant chains
can facilitate implantation of nerve conduits and cause less wear between medical devices and
surrounding tissues [29].

1.4 Applications
The above-discussed injectable polymeric systems were developed for bone, nerve, and
cardiovascular tissue engineering applications. The 2D substrates and 3D structures fabricated
using the injectable and biodegradable polymers were further evaluated in terms of regulating in
vitro cellular responses and in vivo tissue regeneration.
1.4.1 In vitro cell regulation.
Cell-material interactions play a pivotal role in the design and evaluation of polymers for tissue
engineering applications [9,39-41]. Among all the surface characteristics of polymeric
biomaterials, surface chemistry, topography, and stiffness are most critical factors for controlling
cell-material interactions [36,42]. Although most cells tend to favor stiffer substrates, it is
important to note that when examining nerve cells, glial-type nerve cells such as Schwann cells
showed favorability towards stiffer substrates whereas, neuronal-type cells showed preference to
softer substrates [2]. Polymer thermal properties and crystallinity are also important in the
performance of injectable polymeric biomaterials as these properties can be manipulated to
influence the substrate stiffness, topography, and even chemistry. In addition to substrate stiffness,
different surface patterns such as honeycomb structures [34] and microgrooved structures

22

[2,35,36], and 3D structures such as conduits [3,5,29] and porous scaffolds [10,11,37,38] have
been studied with both in vivo animal implantation and in vitro cell regulation.
Different cell types have been used to evaluate the cytocompatibility of the above-discussed
injectable and photo-crosslinkable polymeric systems and their interactions with the materials.
These cell types included mouse pre-osteoblastic MC3T3-E1 cells and rat bone marrow stromal
cells (BMSCs) for bone tissue engineering applications, primary rat aortic smooth muscle cells
(SMCs) for cardiovascular tissue engineering applications, rat pheochromocytoma (PC12) cells,
rat Schwann cell precursor line (SpL201) cells, and E14 mouse neural progenitor cells (NPCs) for
nerve tissue engineering applications.
MC3T3-E1 cell behavior and functions were studied on the photo-crosslinked substrates of
PCLAs [5], PPF/mPEGA blends [19], PPF/PCL blends [34], PPF-co-PCL copolymers [15], PPFco-POSS copolymers [1], PPF/mPOSS blends [12], PPF/HA nanocomposites [32], PCLTA/iPOSS
nanocomposites [25], and PCLDA/HA nanocomposites [23]. In general, MC3T3-E1 cells could
better attach to and proliferate on stiffer and rougher substrates made of those polymeric systems.
SMCs were studied on the PPF/PCL blends before and after photo-crosslinking [33] and BMSCs
were studied on photo-crosslinked PPF/PCLF blends and PCLF/HA nanocomposites [24], in
which similar results were received as the cells also preferred stiffer and/or rougher substrates.
More studies on regulating SMCs on PCLA-based substrates done recently by the corresponding
author have been presented in numerous conferences and are to be formally reported soon.
As one of surface chemical factors to affect cell-material interactions, surface hydrophilicity
or surface energy was regulated by tethering PEG chains or incorporating HA nanoparticles into
PPF networks, as discussed in Section 1.2. MC3T3-E1 cell attachment, spreading, proliferation,
and differentiation on photo-crosslinked PPF/mPEGA substrates all exhibited parabolic
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dependence on m and reached a maximum at m of ~5% [19]. In photo-crosslinked PPF/HA and
PCLDA/HA nanocomposites, the exposed HA nanoparticles improved surface hydrophilicity and
significantly promoted MC3T3-E1 cell attachment, proliferation, and mineralization [23,32]. The
roles of HA, polymer crystallinity, and exposure of HA by cutting the samples in regulating
surface characteristics and MC3T3-E1 cell behaviors are summarized and correlated [23].
MC3T3-E1 cells were also studied on honeycomb-patterned films of photo-crosslinked
PCLTA [34] and microgrooved substrates of photo-crosslinked PCLTA and PCLTA/HA [35,36],
as well as in crosslinked PPF and PPF/HA nanocomposite scaffolds [37,38]. Surface patterns
mainly influence cell/nuclear phenotype/alignment, distribution, and migration through guidance.
MC3T3-E1 cells on the honeycomb-patterned substrates of photo-crosslinked PCLTA attached,
spread, and proliferated better with more filopodia and focal adhesions than on the flat control
substrate, especially when the pore size was smaller. As the consequences, MC3T3-E1 cell
mineralization and expression of integrin subunits of 1, 2, 1, and gene markers of osteocalcin,
osteopontin, and alkaline phosphatase, and collagen type I were all promoted by the honey-comb
patterns, more prominently on smaller pores. On microgrooved substrates of PCLTAs,
microgrooves did not affect MC3T3-E1 cell attachment and proliferation much, but significantly
changed their phenotype and distribution. As shown in Figures 1.6a and 1.6b, MC3T3-E1 cells
and nuclei were aligned along the microgrooves and showed better mineralization and higher
osteocalcin expression levels than on the flat substrates, especially when the grooves were narrow
and deep. In “heterogeneous” microgrooved substrates of photo-crosslinked PCLTA/HA
nanocomposites, when HA nanoparticles only existed on the ridges, MC3T3-E1 cells had better
attachment and proliferation. The cells could even spread perpendicular to the microgrooves and
more nuclei could stay on the ridges and remain unaligned. In contrast, the “heterogeneous”
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Figure 1.6 Representative fluorescent images of MC3T3-E1 cells cultured on photo-crosslinked
PCLTA10k substrates with concentric microgrooves (groove width: 7.5 m, groove depth: 10 m) at 4 h,
stained with rhodamine-phalloidin and 4',6-diamidino-2-phenylindole (DAPI) (a), and DAPI-stained cell
nuclei at day 4 on the intersection area (b) with a red dotted curve to mark the boundary between the flat
margin (left) and the microgrooved area (right). Coronal section of photo-crosslinked PPF-co-PCL (PCL
= 31%) scaffold implanted in a rat femoral bone defect for eight weeks, stained with methylene blue and
basic fuchsin (c) and midpart cross section of a crosslinked PPF-co-PCL (PCL = 90%) single-lumen
nerve conduit after 16 weeks of implantation, stained with toluidine blue (d). Scale bars are 100 m, 100
m, 1 mm, and 500 m in (a-d). (Adapted from references [15,35], with copyright permission)
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substrates that contained HA on the groove bottom showed higher calcium content and ALP
activity than those substrates with HA only in the ridges because MC3T3-E1 cells confined and
aligned inside the microgrooves were more important for their differentiation. MC3T3-E1 cell
attachment, proliferation, and ingrowth were better in the crosslinked PPF/HA nanocomposite
scaffolds than in the PPF ones when the pore geometry and pore interconnectivity were the same.
The values were the lowest in salt-leached scaffolds because of the lowest pore interconnectivity.
Neuronal-like PC12 cells have been widely studied as a model for neurite extension and cell
communications. PC12 cells were studied on the photo-crosslinked substrates of PPF-co-PCL
[15], PCLDA/mPEGA [29], and PCLTA [2]. Glial-type SpL201 cells were studied on the photocrosslinked substrates of PCLF [3], PCLA [5], PCLTA [2], and PCLDA/mPEGA [29]. PC12 cells
preferred softer substrates in attachment, proliferation, and NGF-induced differentiation, i.e.,
neurite extension, whereas SpL201 cells had better attachment and proliferation on stiffer
substrates. On photo-crosslinked PCLDA/mPEGA substrates, surface hydrophilicity affected the
proliferation rate for both cell types by first promoting it through improved surface hydrophilicity
up to m of 5-7% and then inhibiting at higher m because of strong protein/cell repulsion from
densely grafted PEG chains [29]. The microgrooved substrates of photo-crosslinked PCLTAs
mainly affected the morphology and differentiation of both PC12 cells and SpL201 cells [2]. There
were different threshold sensitivities of these two nerve cell types to topographical features when
their cytoskeleton and nuclei were altered by varying the groove depth and width. Oriented SpL201
cells had a higher motility than the unaligned ones. SpL201 cells and PC12 cells demonstrated
more differentiation on narrower microgrooves while the neurites extended from PC12 cells were
more sensitive to narrower and shallower microgrooves [2]. NPCs, SpL201 cells, and PC12 cells
were also studied on PEGDA hydrogels tethered with cationic PLL [30,31]. For all these three cell
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types, their viability in encapsulation, attachment, proliferation, and differentiation on the hydrogel
substrates were all enhanced by adding a suitable amount of PLL into neutral PEGDA hydrogels
[30]. It should be noted that the optimal PLL weight percentage for NPC attachment, proliferation,
and differentiation was 2-3% [31]. Meanwhile, the role of stiffness in regulating these nerve cells
was examined on the hydrogels with different crosslinking densities and stiffnesses [30]. Again,
SpL201 cells were found to prefer the stiffer substrates while both NPCs and PC12 cells preferred
the softer ones [30].
1.4.2 In vivo animal implantation.
The tissue compatibility of crosslinked PCLF was evaluated by subcutaneous implantation in
female Sprague-Dawley rats for 4 weeks [4]. No signs of chronic infection in the blood,
abnormalities in the renal capsules or kidney glomerulus, or interstitial thickening around the blood
vessels were observed. No activated macrophages were observed in the surrounding tissue. The
thickness of the fibrous capsule around the sample was less than 100 µm, comparable to Gore
artificial dura as the negative control. These results suggested good biocompatibility of the
implanted crosslinked PCLF disks [4].
The injectable polymeric biomaterials were developed for two major purposes: bone and nerve
regeneration. Thus in vivo animal implantation and histological analysis of the porous bone
scaffolds and nerve conduits made from PCLF and PPF-co-PCL were performed [3,15]. After its
crosslinking density and crystallinity were modulated, the PCLF2000 network supported SpL201
cell attachment and proliferation and was sufficiently strong to hold the suture while still suturable
and flexible, and therefore was selected for evaluation in a 1 cm gap rat sciatic nerve model [3].
Histological evaluation demonstrated that the material was biocompatible with sufficient strength
to hold sutures in place after 6 and 17 weeks of implantation and nerve cable with myelinated
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axons was found in the crosslinked PCLF2000 nerve conduit [3]. Porous scaffolds and nerve
conduits made from crosslinked PPF-co-PCLs with PCL of 31% and 90% were implanted in a rat
femoral bone defect model and in bridging cut rat sciatic nerve tubes, respectively [15]. Only mild
foreign body reaction to the implanted material was observed (Figure 1.6c) [15]. Newly formed
bone extended from the original femur edges into the defect and had a woven appearance [15].
PPF-co-PCL (PCL = 31%) was also photo-crosslinked with poly(lactide-co-glycolide) (PLGA)
microspheres containing recombinant human bone morphogenetic protein-2 (rhBMP-2) to form a
controlled release scaffold system that resulted in healing rat femur bone defects in eight weeks.
The structures of both single-lumen and seven-channel nerve conduits remained intact with only a
small layer of fibroblast tissue around the conduits after 4 and 16 weeks of implantation (Figure
1.6d) [15]. Myelinated axons in the midpart of the nerve conduits were evident, especially after
16-week implantation [15].

1.5 Conclusions and perspectives
Injectable and photo-crosslinkable polymeric biomaterials with controllable physicochemical
properties and degradation rates have demonstrated their great promise in regenerative medicine.
In particular, three categories of injectable and biodegradable polymers based on PPF, PCL, and
PEG, and their nanocomposites with HA and POSS have been developed for diverse tissue
engineering

applications.

The

thermal

and

mechanical

properties,

surface

hydrophilicity/wettability, and morphology of these polymers can be well modulated before and
after photo-crosslinking. In particular, simultaneously regulating crosslinking density and
crystallinity in semi-crystalline polymer networks supplies an efficient approach to prepare
biomaterials with controllable mechanical properties over a wide range. These polymeric
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biomaterials have been fabricated into 2D substrates with or without surface features and 3D
porous scaffolds and nerve conduits using different methods. Both in vitro cell regulation and in
vivo animal implantation of these polymeric substrates and structures have been performed. The
tailorability in material bulk and surface properties, readiness for being fabricated into biomedical
devices, and their biocompatibility all demonstrate the promise of the injectable polymeric
biomaterials in fulfilling tissue regeneration. To satisfy the growing needs in regenerative medicine
and 3D fabrication methods, more novel injectable polymeric systems with multiple
functionalities, advanced structural and physical properties, and convenient processability should
be developed.
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Chapter II. Smooth Muscle Cell Responses to Poly(-caprolactone) Triacrylate
Networks with Different Crosslinking Time
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Abstract
To investigate the effect of crosslinking time on the polymer network properties and cellular
behaviors, poly(-caprolactone) acrylates (PCLAs) with different molecular weights were
crosslinked under UV light for time ranging from 1 to 60 min. The crosslinking efficiency of PCLA
increased with decreasing the molecular weight and increasing crosslinking time could increase
the gel fraction and network stiffness and decrease the swelling ratio. Then the PCLA networks
crosslinked for different time were used as substrates for culturing rat aortic smooth muscle cells
(SMCs). SMC attachment, proliferation, spreading, and focal adhesions all increased when the
PCLTA molecular weight increased from 8k to 10k and then to 20k at the same crosslinking time.
For the same PCLTA, SMC attachment, proliferation, spreading, and focal adhesions increased
with increasing the crosslinking time, in particular, between the substrates crosslinked for less than
3 min and longer than 5 min.
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2.1 Introduction
Poly(-caprolactone) (PCL) is a biodegradable semi-crystalline polymer that has been widely
used in tissue engineering [1-5]. The crystalline structure offers PCL unique thermal and
mechanical properties. After the hydroxyl end groups in PCL diols or triols are converted into
crosslinkable functional groups, i.e. acrylate, maleic anhydride, or fumarate, they can be
crosslinked into networks with controllable chemical and physical properties [6-14]. Compared to
the other crosslinking methods through heat, irradiation, or redox process, photo-crosslinking is
more efficient to control the polymerization heat evolution and fabricate complex structures [1316]. Our research group has developed photo-crosslinkable PCL acrylates (PCLAs) such as PCL
diacrylates (PCLDAs) and PCL triacrylates (PCLTAs) [17,18]. Depending on the molecular
weight of PCL precursor in the synthesis of PCLA, amorphous and semi-crystalline PCL networks
were prepared with elastic modulus (E) ranging from 1 to 200 MPa and controllable melting
temperature (Tm) and crystallinity (c) [18].
The crosslinks in the photo-crosslinked PCLAs suppressed and impeded the PCL
crystallization, resulting in a reduced crystallinity. For photo-crosslinkable polymers, the
crosslinking efficiency can be controlled by the density of crosslinkable groups, the concentration
of photo-initiator, UV light intensity, and crosslinking time [14-16,19-23]. Among all these
factors, sufficient crosslinking time should be given to ensure a polymer network with a high gel
fraction and desirable mechanical properties without causing overcure and photo-scission
problems [19,23]. For PCLAs, both crosslinking density and efficiency increase with increasing
the density of acrylate end groups, which can be achieved by either decreasing the molecular
weight of the PCL precursor with a certain architecture, or having multiple arms with more acrylate
end groups in one polymer.
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In this chapter, I studied the roles of crosslinking density and crystallinity in determining the
physical properties, such as gel fraction, swelling ratio, and thermal, rheological, and mechanical
properties, of photo-crosslinked PCLAs by varying both the crosslinking time and the molecular
weight of PCL precursor. These PCLTA networks resulted from different crosslinking time were
further used as substrates to regulate rat aortic smooth muscle cell (SMC) behaviors, including
attachment, proliferation, spreading and focal adhesion.

2.2 Materials and Methods
2.2.1 Photo-crosslinking and characterization of PCLTAs.
Three PCLTAs with names of PCLTA8k, 10k, and 20k used in this chapter were synthesized
according to our previous report and had number-average molecular weights (Mn) of 8460, 9750,
and 20020 g/mol, respectively [18]. The PCLTAs were crosslinked into networks under UV light
(SB-100P, Spectronics Corp., Westbury, NY, λ= 365 nm, Intensity: 4800 w/cm2) for different
crosslinking time of 1, 3, 5, 10, 20, 40, and 60 min, as shown in Figure 2.1. The gel fraction and
swelling ratio in CH2Cl2 of the crosslinked PCLTAs were determined according to our previous
report [17]. To compare with the PCLTAs in terms of gel fraction and swelling ratio, I also used
4arm and 6arm PCLAs with Mn of 9610, 14700, 10200, and 19900 g/mol, which were named
4arm-10k, 4arm-14k, 6arm-10k and 6arm-20k, respectively. These 4arm and 6arm PCLAs were
synthesized via acrylation of PCL tetraols and PCL hexanols that were prepared through ringopening polymerization of -caprolactone initiated with pentaerythritol and dipentaerythritol,
respectively. Flat uncrosslinked PCLTA substrates (crosslinking time of 0) were prepared by
compression and crystallization of the melt between two glass plates. Flat photo-crosslinked
PCLTA substrates were soaked in acetone for two days to remove the sol fraction, dried in vacuum,
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Figure 2.1 Crosslinked PCLTAs with different crosslinking time.
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and compressed between two glass plates. The thermal properties of the photo-crosslinked
PCLTAs were performed using differential scanning calorimeter (DSC, Q2000, TA instruments,
New Castle, DE). The samples were first heated from room temperature to 100 °C and then cooled
to -90 °C, followed by heating again to 100 °C at a rate of 10 °C/min in a dry nitrogen atmosphere.
Linear viscoelastic properties of photo-crosslinked PCLTA disks (8 mm × 0.5 mm, diameter ×
thickness) were measured on a strain-controlled rheometer (RDS-2, Rheometric Scientific) at 37
°C. The tensile properties of photo-crosslinked PCLTA strips (0.5 mm × 0.8 mm × 10 mm,
thickness × width × length) were tested using a dynamic mechanical analyzer (DMA, Q800, TA
instruments) at 37 °C at a strain rate of 0.005/s. The surface morphologies of the photo-crosslinked
PCLTAs were detected using a multi-mode atomic force microscope (AFM) with a Nanoscope III
control system (Veeco Instruments, Santa Barbara, CA). A tapping mode over a scan area of 5 m
×5 m at a scan rate of 0.5 Hz was used. Root-mean-square surface roughness (Rrms) was measured
from the height images using the Nanoscope 7.30 software (Veeco Instruments, Santa Barbara,
CA).
2.2.2 In vitro SMC attachment and proliferation.
Photo-crosslinked PCLTA disks were sterilized in 70% ethanol solution and dried completely
before cell studies. Rat primary aortic SMCs were cultured in a growth medium composed of
Dulbecco's modified eagle medium (DMEM; Gibco, Grand Island, NY) supplemented with 10%
fetal bovine serum (FBS; HyClone, Thermal Scientific) and 1% penicillin/streptomycin (Gibco,
Grand Island, NY) in an incubator with 5% CO2 and 95% relative humidity at 37 °C. SMCs were
seeded onto PCLTA disks (10 × 0.5 mm, diameter × thickness) at a density of 15,000 cells/cm2
and cultured for 4 h, 1, 2, and 4 days. A colorimetric cell metabolic assay (CellTiter 96 Aqueous
One Solution, Promega, Madison, WI) was performed in each well to determine the number of

38

attached cells, which was correlated with the UV absorbance of the solution at 490 nm measured
on the microplate reader (SpectraMax Plus 384, Molecular Devices, Sunnyvale, CA). Cell
numbers were then quantified using the standard curve that was constructed using known cell
numbers. SMCs attached on PCLTA disks were washed with phosphate buffered saline (PBS),
fixed in 4% paraformaldehyde (PFA, Electron Microscopy Science) solution for 10 min at room
temperature, washed with PBS twice, and then permeabilized with 0.1% Triton X-100 at room
temperature for another 10 min. Cytoplasm was then stained using rhodamine-phalloidin (RP,
Cytoskeleton Inc., Denver, CO) for 1 h at 37 °C, and cell nuclei were stained using 4',6-diamidino2-phenylindole (DAPI) at room temperature. Then the cells were photographed using an Axiovert
25 light microscope (Carl Zeiss, Germany). From the cell images, cell area was determined on
more than 50 non-overlapping cells at day 1 by using the ImageJ software (National Institutes of
Health, Bethesda, MD).
2.2.3 Characterization of focal adhesions (FAs).
After day 1 post-seeding, SMCs attached on the PCLTA disks with crosslinking time of 0, 3,
and 60 min were washed with PBS, fixed in 4% PFA solution, washed with PBS three times, and
permeabilized with 0.1% Triton X-100 at room temperature for 10 min. Then the polymer disks
with attached SMCs were incubated in 1% bovine serum albumin (BSA)/PBS at 37 °C for 30 min
to reduce the background. After being washed with PBS three times, the polymer diskes with cells
were incubated in monoclonal mouse antibody against vinculin (1:1000 in 1% PBS; Sigma) at
room temperature for 2 h, and then washed with PBS three times again. Then the samples were
cultured with goat anti-mouse IgG secondary antibody (1:200 in 1% PBS; Sigma) in dark at room
temperature for 2 h. The samples were also stained using RP at 37 °C for another 1 h. The FAs
were photographed using a Leica DM6000B fluorescent confocal microscope. The density, area,
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and circularity (defined as 4 ×area/perimeter2) of FAs were measured and averaged from 15 nonoverlapping cells using ImageJ.
2.2.4 Statistical analysis.
Cell studies were performed in quadruplicates for each group at each time point. All values
were expressed as mean ± standard deviation. The statistical significance (p < 0.05) in the
difference between two groups was calculated using student’s t-test.

2.3 Results and Discussion
2.3.1 Gel fraction and swelling ratio.
Crosslinking kinetics is important for understanding how a polymer network is formed and
when crosslinking is sufficient for a variety of properties. The gel fraction and swelling ratio in
CH2Cl2 of photo-crosslinked networks of the PCLTAs, 4arm and 6arm PCLAs with different
crosslinking time are shown in Figure 2.2. Because the composition of acrylate groups was lower
in PCLTA with a higher molecular weight, the gel fraction decreased from PCLTA8k to
PCLTA10k and then PCLTA20k, at the same crosslinking time. For the same PCLTA, the gel
fraction increased asymptotically with increasing the crosslinking time. The distance between two
neighboring crosslinks in the network was determined by both the molecular weight of PCL
precursor and crosslinking time [14,17,19]. Therefore, the swelling ratios increased from the range
of 7.0-13.5 for PCLTA8k networks to 9.8-21.0 for PCLTA10k networks, and then 17.5-32.8 for
PCLTA20k networks. For the same PCLTA, the swelling ratio of the network decreased with
increasing the crosslinking time. The crosslinking efficiency was higher for PCLTA8k and
PCLTA10k than for PCLTA20k. A crosslinking time of 10 min was needed to reach the highest
gel fractions of 94% for PCLTA8k and 92% for PCLTA10k, while a longer crosslinking time of
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Figure 2.2 Gel fractions (a) and swelling ratios (b) of PCLTAs with different crosslinking time. Gel
fractions (c) and swelling ratios (d) of 4arm and 6arm PCLAs (4arm-10k, 4arm-14k, 6arm-10k and 6arm20k) with different crosslinking time.
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40 min was needed for PCLTA20k to reach the highest gel fractions of 80%. When the crosslinking
time increased from 1 to 3 min, the gel fraction increased and the swelling ratio decreased
dramatically for all the PCLTAs with different molecular weights. When the crosslinking time was
longer than 10 min, the increase in the gel fraction and the decrease in the swelling ratio of
PCLTA8k and PCLTA10k could be barely noticeable, while the gel fraction increased and the
swelling ratio decreased for PCLTA20k less sharply than the first 3 min.
Four PCLAs, i.e., 4arm-10k, 4arm-14k, 6arm-10k, and 6arm-20k, were used to compare with
PCLTA10k in terms of the crosslinking rate (Figure 2.2). PCLA 4arm-10k and 6arm-10k had the
same molecular weight while PCLA 4arm-14k and 6arm-20k had the same arm length as that in
PCLTA10k. For the networks with the same molecular weight, PCLA 6arm-10k had the highest
gel fractions and the lowest swelling ratios at all measured crosslinking time, followed by PCLA
4arm-10k and PCLTA10k. The highest gel fractions were 98% and 96% for PCLA 4arm-10k and
6arm-10k, respectively. For the networks with the same arm length, the PCLA 6arm-20k had the
highest gel fraction and lowest swelling ratio at all measured crosslinking time, followed by PCLA
4arm-14k and PCLTA10k. The highest gel fractions were 97% and 94% for 4arm-14k and 6arm20k PCLAs, respectively. Moreover, the crosslinking rates of 4arm and 6arm PCLAs were higher
than those of PCLTAs, by showing that the highest gel fraction and lowest swelling ratio were
reached at the crosslinking time shorter than 5 min. The results indicated that 4arm and 6arm
PCLAs had higher crosslinking densities at the same crosslinking time.
2.3.2 Thermal and mechanical properties.
The thermal properties (Tm, ΔHm, and c) of photo-crosslinked PCLTAs for various
crosslinking time in Table 2.1 were obtained from the DSC curves in Figure 2.3. Tm was the highest
temperature of exothermal peaks during the heating round. c was calculated using the equation of
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Table 2.1 Thermal properties of the crosslinked PCLTAs with different crosslinking time.

Hm (J/g)
8k
10k 20k

c (%)
10k 20k

Crosslinking
time (min)

Tm (ºC)
8k 10k 20k

0

49.4 53.1 54.9

65.8

67.4

71.4

48.8

50.0

52.9
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41.4 44.0 51.3
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45.0
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Figure 2.3 DSC curves of crosslinked PCLTAs with different crosslinking time.
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c = [ΔHm/(PCL∙ΔHmc)]×100%, where ΔHmc of completely crystalline PCL is 135 J/g [20]. All
uncrosslinked PCLTAs were semi-crystalline with higher Tm and c than the crosslinked
counterparts as the crosslinks suppressed crystallinity. Nevertheless, all the crosslinked PCLTAs
were still semi-crystalline at the physiological temperature (37 °C). At the same crosslinking time,
both Tm and c increased from PCLTA8k and PCLTA10k to PCLTA20k. The Tm of PCLTA10k
was higher than that of PCLTA8k, while the difference in c between PCLTA8k and PCLTA10k
was insignificant. For the same PCLTA, Tm and c decreased dramatically when the crosslinking
time increased from 0 to 3 min. With increasing the crosslinking time further, c still decreased
but at a much lower rate while Tm only decreased slightly.
The rheological properties of the photo-crosslinked PCLTAs for various crosslinking time
were measured at 37 °C using the dynamic frequency sweep mode. As shown in Figure 2.4, all
curves showed that storage shear modulus (G') was much greater than loss shear modulus (G") and
G' was independent of frequency. Meanwhile, η was approximately inversely proportional to
frequency in the range of 1-100 rad/s, indicating the shear thinning behavior. At a low strain of
1%, uncrosslinked PCLTAs also showed the same phenomenon as the crosslinked PCLTAs,
indicating that crystalline domains formed a physical network.
Tensile testing was performed at 37 °C to obtain the mechanical properties of photocrosslinked PCLTAs at various crosslinking time. Representative stress-strain curves are shown
in Figure 2.5. The E increased from the range of 15.1-41.0 MPa for PCLTA8k to 37.9-125.5 MPa
for PCLTA10k, and then 74.1-257.2 MPa for PCLTA20k. Because PCLTA20k had a higher c
than those of PCLTA8k and PCLTA10k, the stiffness increased with the increase of molecular
weight at the same crosslinking time. Different from crosslinked PCLTAs, uncrosslinked PCLTAs
were extremely brittle, with the strain at break of less than 10%. For the same PCLTA, the stiffness
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increased dramatically with increasing the crosslinking time from 0 to 5 min (15.1 to 41.0 MPa for
PCLTA8k, 37.9 to 106.6 MPa for PCLTA10k, and 74.1 to 210.1 MPa for PCLTA20k), while the
variance in stiffness was insignificant when the crosslinking time was longer than 10 min (41.0 to
32.6 MPa for PCLTA8k, 106.6 to 125.5 MPa for PCLTA10k, and 210.1 to 257.2 MPa for
PCLTA20k). The stiffness of crosslinked PCLTA20k always increased with increasing the
crosslinking time, while the highest stiffness of crosslinked PCLTA8k and 10k was observed at
the crosslinking time of 5 and 10 min, respectively.
Similar to uncrosslinked PCLTAs, crosslinked PCLTA disks at various crosslinking time were
compressed and smoothened between two glass plates, and the surface morphologies were detected
using AFM (Figure 2.6). After the compression, the Rrms values of all the polymer disks were less
than 20 nm without significant difference. Therefore, the effect of surface roughness on cell
behaviors could be neglected.
2.3.3 In vitro SMC attachment and proliferation.
SMCs were seeded on the crosslinked PCLTA disks at various crosslinking time, and the
results of cell attachment, proliferation, and area are shown in Figure 2.7. Consistent with the
findings in previous studies [17,18,25-28], stiffer substrates could support SMC attachment and
proliferation better, indicated by those on photo-crosslinked PCLTA20k were better than on photocrosslinked PCLTA8k and PCLTA10k at the same crosslinking time. Specifically, the difference
in SMC proliferation became more significant when the crosslinking time was longer than 5 min.
For the same PCLTA, SMC attachment and proliferation were better when the crosslinking time
was longer. Significant differences were found between the PCLTAs at crosslinking time longer
than 10 min and shorter than 5 min. Among the crosslinking time of 0, 1, and 3 min, as well as 10,
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20, and 60 min, SMC attachment and proliferation had no significant difference on the same
PCLTA networks. The cell images stained with RP and DAPI (Figure 2.8) were consistent with
the cell numbers obtained using the MTS assay. SMC spread areas also followed the same trend
as in cell attachment and proliferation. However, no significant difference was found on different
PCLTAs at the same crosslinking time. For the same PCLTA, when the crosslinking time was
higher than 5 min, the increase in the cell area became more significant than on those at
crosslinking time of 0, 1, and 3 min.
2.3.4 Focal adhesions.
FAs are able to respond to external mechanical signals and adjust their own properties and
simultaneously trigger mechanotransduction for further regulation of cell growth and spreading
[29,30], and therefore, were used to further evaluate cell adhesion to the polymer substrates. FAs
in the SMCs cultured for one day on the crosslinked PCLTA8k, 10k, and 20k disks at crosslinking
time of 0, 3, and 60 min were characterized and the results are shown in Figure 2.9. The FA density
and area had the same trend as in the cell attachment and proliferation. For the same PCLTA, both
FA density and area increased when the crosslinking time increased from 0 to 3, and 60 min. At
the same crosslinking time, FA density increased from PCLTA8k to PCLTA10k and then
PCLTA20k; however, the difference was only significant between PCLTA8k and the other two.
Unlike FA density, FA area only increased with the increase of molecular weight, when the
crosslinking time was 60 min. However, the FA circularity had no significant difference among
all the crosslinked PCLTAs at different crosslinking time.
2.3.5 Further discussion.
The present chapter attempted to understand how to achieve various thermal and mechanical
properties through controlled crystallinity and crosslinking density by using PCLA networks that
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Figure 2.8 SMC images at days 1, 2, and 4 post-seeding stained using RP (red) and DAPI (blue) on
PCLTAs with different crosslinking time. Scale bar of 200 m is applicable to all.
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stained green, and F-actin stained red. Scale bar of 50 m is applicable to all. Quantification of FAs in
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were crosslinked for different time. Without showing detectable cytotoxicity, all the PCLTA
networks could support SMC adhesion, proliferation, and spreading. Meanwhile, the molecular
weight and crosslinking density of PCLAs resulted in different physical properties and
consequently distinct SMC behaviors. Upon receiving the signals of the substrate materials, cells
respond by adjusting their spreading, proliferation and other related processes [31].
In terms of crosslinking efficiency, difference was found between PCLTA20k and the other
two PCLTAs with lower molecular weights. For PCLTA8k and PCLTA10k, crosslinking almost
finished within 10 min of UV exposure, while for PCLTA20k, longer crosslinking time of 60 min
could still increase the gel fraction and decrease the swelling ratio. The cell results showed the
same trend with the gel fraction. With crosslinking time over 10 min, the densities of SMCs on
crosslinked PCLTA8k and PCLTA10k disks did not vary too much. In contrast, the cell density
on PCLTA20k still increased, although this increase was insignificant.
Different from crosslinked PCLTA10k and PCLA 4arm-10k, the crystallinity of crosslinked
6arm-10k was significantly suppressed by the crosslinks and demonstrated amorphous transparent
characteristics at 37 °C even at the crosslinking time of 1 min. Although theoretically only one
acrylate group is needed for participating in a network, having more arms or more acrylate end
groups in one polymer architecture could improve crosslinking efficiency [21,32].
The cell responses to different crosslinked PCLA networks also provided the criteria of
selecting biomaterials with sufficient crosslinking time to ensure appropriate crosslinking density
and mechanical properties. PCLAs were proved to have high crosslinking efficiency under UV
exposure for only 5-10 min, and therefore could be fabricated into two-dimensional substrates and
three-dimensional scaffolds with better precision and controllability to fulfill different
requirements for tissue engineering applications.
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2.4 Conclusions
PCLTA8k, 10k, and 20k, PCLA 4arm-10k, 4arm-14k, 6arm-10k, and 6arm-20k were
crosslinked under UV light for different time. A lower molecular weight and a longer crosslinking
time resulted in a higher gel fraction, a lower swelling ratio, and a higher stiffness. At the same
crosslinking time, 4arm and 6arm PCLAs had higher gel fractions and lower swelling ratios than
PCLTA with the same arm length. Photo-crosslinking of PCLTA largely accomplished in the first
5 min of UV exposure. SMCs were cultured on these photo-crosslinked PCLTAs. At the same
crosslinking time, PCLTA with a higher molecular weight could be crosslinked into substrates
better supporting SMC attachment, proliferation, spreading, and focal adhesion. With the same
molecular weight, better SMC attachment, proliferation, spreading and focal adhesion were found
on the photo-crosslinked PCLTA substrates at a longer crosslinking time. The increments in SMC
attachment, proliferation, and spreading were no longer significant after the crosslinking time was
longer than 10 min.
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Chapter III. Smooth Muscle Cell Responses to Hydrolyzed Poly(-caprolactone)
Triacrylate/Methoxyl Polyethylene Glycol Monoacrylate Networks
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Abstract
Photo-crosslinked networks of poly(-caprolactone) triacrylate (PCLTA) and methoxyl
polyethylene glycol monoacrylate (mPEGA)/PCLTA with a weight fraction of mPEGA of 5%
were degraded in sodium hydroxide (NaOH) aqueous solution at 37 °C via expedited hydrolysis
for different time periods of 24, 48 and 60 h to obtain different surface topographies and
roughnesses. Longer NaOH hydrolysis time resulted in rougher surfaces and lower water contact
angles for both PCLTA and mPEGA/PCLTA networks. These networks were used as substrates
for culturing rat aortic smooth muscle cells (SMCs). At all hydrolysis time periods, SMCs were
found to have better attachment, proliferation, spreading, and focal adhesions on mPEGA/PCLTA
networks than on PCLTA networks, as the addition of a small amount of mPEGA increased surface
hydrophilicity without significantly decreasing the stiffness. For both PCLTA and
mPEGA/PCLTA networks, longer NaOH hydrolysis time resulted in better SMC attachment,
proliferation, spreading, and focal adhesions. We also found that the mPEGA/PCLTA network
degraded faster and had higher water adsorption than the PCLTA network in both phosphate
buffered saline (PBS) and NaOH aqueous solution. Both PCLTA and mPEGA/PCLTA networks
could be fully degraded in NaOH solution in 40 days while they were quite stable in PBS for over
16 months with weight residue of higher than 80%, and the both networks remained high degrees
of crystallinity during the degradation.
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3.1 Introduction
Poly(-caprolactone) (PCL) is a semi-crystalline, biodegradable polymer with a low glass
transition temperature (Tg) of -60 °C and a low melting temperature (Tm) of ~60 °C, and has been
widely used as a biomaterial [1-5]. PCL can be biodegraded by outdoor living organisms such as
bacteria and fungi, but its degradation in animal and human bodies lacking suitable enzymes is via
a much slower mechanism, hydrolysis [6]. The hydrolytic degradation process of PCL normally
takes 2-4 years [6,7]. In hydrolytic degradation, random hydrolytic chain scissions occur and
reduce the polymer molecular weight [7-10]. The hydrolytic degradation rates of PCL were found
similar in molecular weight decrease and weight loss in both in vitro (saline) and in vivo (rabbit
and rat) conditions [11,12]. In a basic medium such as sodium hydroxide (NaOH) aqueous
solution, the hydrolysis of the ester bond is faster than in phosphate buffered saline (PBS) or
animal/human bodies and thus the degradation of PCL can be accelerated [13,14].
The low degradation date of PCL via hydrolysis is attributed to the low hydrophilicity and high
crystallinity, which restrict the capacity of water molecules to penetrate into the structure. The
degradation rate of PCL can be affected by its molecular weight and morphology as the molecular
weight determines the hydrophilicity and crystallinity and the morphology controls the surface
area [7,8,15]. In our research group, several photo-crosslinked PCL-based networks were
developed for regulating cellular responses and fabricating biomedical devices [16-18]. The
degradation of crosslinked PCL network was different from PCL as the crystallinity of a PCLbased network was reduced by the crosslinks, accelerating the degradation in PBS or NaOH
solution [19-21]. Meanwhile, the enzymatic degradation of PCL-based networks was found to be
slower than that of PCL [21,22]. After hydrolysis, surface roughness and chemistry of PCL
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substrates were altered and such change improved attachment and proliferation of mesenchymal
stem cells, endothelial cells, smooth muscle cells (SMCs), cardiac cells, and osteoblasts [23-30].
To improve the hydrophobicity of PCL that limits degradation and cell proliferation,
copolymers or blends containing PCL or PCL composites with inorganic fillers have been
developed [31-35]. Among the components to enhance the surface hydrophilicity/wettability of
PCL, polyethylene glycol (PEG) is one most commonly used polymer that can also inhibit
immunogenic activities, promote biocompatibility, and accelerate the degradation [36-39]. In our
research group, methoxyl PEG monoacrylates (mPEGAs) with different molecular weights was
synthesized via acrylation of methoxyl PEGs in the presence of potassium carbonate (K2CO3) and
photo-crosslinked into PCL-based networks as dangling chains [16,40]. Through this method, the
grafted mPEGA chains not only appeared on the surface but also inside the bulk of the networks,
rendering a uniform density of hydrophilicity even after degradation. Moreover, addition of
mPEGA chains at the weight fraction of mPEGA (mPEGA) of 5% into PCL triacrylate (PCLTA)
network was proved not to decrease the elastic modulus of the network [16,40].
The aim of the present chapter was to investigate the surface features and chemistry of PCLTA
and mPEGA/PCLTA (mPEGA = 5%) networks with different hydrolysis time in 1 N NaOH
aqueous solution and the rat aortic SMC responses to the degraded surfaces, including cell
attachment, proliferation, spreading and focal adhesions. To compare with the accelerated
hydrolysis in NaOH solution, the degradation of the PCLTA and mPEGA/PCLTA networks in
PBS was also studied.
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3.2 Materials and Methods
3.2.1 Photo-crosslinking and characterization of PCLTA and mPEGA/PCLTA networks.
PCLTA with a number-average molecular weight (Mn) of 9800 g/mol and a weight-average
molecular weight (Mw) of 12300 g/mol and mPEGA with Mn of 330 g/mol and Mw of 420 g/mol
used in this chapter were synthesized via our reported method [16,17]. Photo-initiator, phenyl
bis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO, IRGACURE 819, Ciba Specialty
Chemicals, Tarrytown, NY) was used in photo-crosslinking. PCLTA or mPEGA/PCLTA solutions
mixed with BAPO (polymer/BAPO/CH2Cl2 solution, 1.5 g/15 mg/500 μL) were crosslinked with
UV light (SB-100P, Spectronics Corp., Westbury, NY, λ= 365 nm, Intensity: 4800 w/cm2) for 20
min (Figure 3.1). After crosslinking, crosslinked PCLTA and mPEGA/PCLTA disks were soaked
in acetone for two days to remove the sol fraction, dried in vacuum, and compressed between two
glass plates to smoothen them. [16,17]. Crosslinked PCLTA and mPEGA/PCLTA disks were
immersed in 1 N NaOH aqueous solution at 37 °C for 24, 48 and 60 h. Then the polymer disks
were soaked in distilled water for 2 days to remove the residual NaOH, followed by complete
drying in vacuum. The surface morphologies of the polymer disks hydrolyzed for different time
periods were characterized using scanning electron microscopy (SEM; S-3500, Hitachi
Instruments, Tokyo, Japan) at a voltage of 2 kV. Water contact angles on the polymer disks
hydrolyzed for different time periods were measured at 37 °C using a Ramé-Hart NRC C. A.
goniometer (model 100-00-230). For each disk, 20 μL of distilled water (pH = 7.0) was injected
onto the surface and equilibrated for 30 s before the measurement. A tangent method was used to
read the water contact angle in degrees. Four disks were used for each sample to calculate the
average and standard deviation using the ImageJ software (National Institutes of Health, Bethesda,
MD).
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UV crosslinking

Crosslinked PCLTA

Crosslinked mPEGA/PCLTA
Figure 3.1 Photo-crosslinking of PCLTA and mPEGA/PCLTA networks.
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3.2.2 In vitro SMC attachment and proliferation.
The polymer disks hydrolyzed for different time periods were sterilized in 70% ethanol
solution and dried completely in vacuum before the cell studies. SMCs were cultured in a growth
medium composed of Dulbecco's modified eagle medium (DMEM; Gibco, Grand Island, NY)
supplemented with 10% fetal bovine serum (FBS; HyClone, Thermal Scientific) and 1%
penicillin/streptomycin (Gibco) in an incubator with 5% CO2 and 95% relative humidity at 37 °C.
SMCs were seeded onto the polymer disks (10 × 0.5 mm, diameter × thickness) hydrolyzed for
different time periods at a density of 15,000 cells/cm2 and cultured for 4 h, 1, 2, and 4 days. A
colorimetric cell metabolic assay (CellTiter 96 Aqueous One Solution, Promega, Madison, WI)
was performed in each well to determine the number of attached cells, which was correlated to the
UV absorbance of the solution at 490 nm measured on a microplate reader (SpectraMax Plus 384,
Molecular Devices, Sunnyvale, CA). Cell numbers were then quantified using the standard curve
constructed with known cell numbers. SMCs attached on the polymer disks were washed with
PBS, fixed in 4% paraformaldehyde (PFA; Electron Microscopy Science) solution for 10 min at
room temperature, washed with PBS twice, and then permeabilized with 0.1% Triton X-100 at
room temperature for another 10 min. Cytoplasm was then stained using rhodamine-phalloidin
(RP; Cytoskeleton Inc., Denver, CO) for 1 h at 37 °C, and cell nuclei were stained using 4',6diamidino-2-phenylindole (DAPI) at room temperature. Then the cells were photographed using
an Axiovert 25 light microscope (Carl Zeiss, Germany). From the cell images on the polymer
disks, cell area and perimeter were measured on more than 25 non-overlapping cells at day 1 using
ImageJ and cell circularity defined as 4 × area/perimeter2 was calculated.
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3.2.3 Characterization of focal adhesions (FAs).
After one-day culture, SMCs attached on the polymer disks hydrolyzed for different time
periods were washed with PBS, fixed in 4% PFA solution, washed with PBS three times, and
permeabilized with 0.1% Triton X-100 at room temperature for 10 min. Then the polymer disks
with attached SMCs were incubated in 1% bovine serum albumin (BSA)/PBS at 37 °C for 30 min
to remove the residue of PFA and Triton X-100 on the substrates. After being washed with PBS
three times, the polymer disks with attached SMCs were incubated in monoclonal mouse antibody
against vinculin (1:1000 in 1% PBS; Sigma) at room temperature for 2 h, and then washed with
PBS three times again. Then the polymer disks with attached SMCs were cultured with goat antimouse IgG secondary antibody (1:200 in 1% PBS; Sigma) in dark at room temperature for 2 h.
The samples were also stained using RP at 37 °C for another 1 h. The FAs in the cells were
photographed on a Leica DM6000B fluorescent confocal microscope (Buffalo Grove, IL). The
density, area, and circularity of the FAs were determined on more than 15 non-overlapping cells
using ImageJ.
3.2.4 In vitro degradation.
In vitro degradation of both PCLTA and mPEGA/PCLTA networks was performed as follows.
Photo-crosslinked PCLTA and mPEGA/PCLTA disks (∼200 mg) were immersed in PBS or 1 N
NaOH solution at 37 °C. After the degraded samples were fully washed and dried, the degraded
weights (Wd) were measured and compared with their initial weights (Wi). The weight fraction left
in the degraded polymer sample was calculated using the equation of Wd/Wi × 100%, every three
days or one month for the polymer disks hydrolyzed in NaOH solution or PBS, respectively. Dried
polymer disks hydrolyzed for different time periods were immersed in water at 37 °C for one day
and weighed as Ww. The percentage of water absorption was determined by the equation of
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(Ww−Wd)/Wd × 100%. The thermal properties of photo-crosslinked PCLTA and mPEGA/PCLTA
disks hydrolyzed for 0, 3, 12, and 18 days were measured using differential scanning calorimeter
(DSC, Q2000, TA Instruments, New Castle, DE). The samples were first heated from room
temperature to 100 °C and then cooled to -80 °C, followed by another heating round to 100 °C at
a rate of 10 °C/min in dry nitrogen.
3.2.5 Statistical analysis.
Cell studies were performed in quadruplicates for each group at each time point. All values
were expressed as mean ± standard deviation. The statistical significance (p < 0.05) in the
difference between two groups was calculated using the student’s t-test.

3.3 Results and Discussion
3.3.1 Thermal and mechanical properties.
The surface morphologies of crosslinked PCLTA and mPEGA/PCLTA disks hydrolyzed for
different time periods are shown in the SEM images in Figure 3.2. The original polymer disks
were flat and smooth as they were compressed between two glass plates. After hydrolysis in NaOH
aqueous solution, both crosslinked PCLTA and mPEGA/PCLTA disks showed rough surfaces
with porous structures. The surfaces were rougher and the pores were larger at longer hydrolysis
time. In addition, the surface of crosslinked mPEGA/PCLTA disk was always rougher and with
larger pores than the surface of crosslinked PCLTA disk at the same hydrolysis time.
Surface energies of biomaterials are frequently correlated with the onset of biological
processes such as protein adsorption and cell adhesion, and wettability when implanted [16,40,41].
Water contact angle on the surface of a biomaterial is used to evaluate surface energy and
hydrophilicity. Figure 3.3 shows the water contact angles on the surfaces of crosslinked PCLTA
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Figure 3.2 SEM images of PCLTA and mPEGA/PCLTA networks with different NaOH hydrolysis time.
Scale bar of 50 m is applicable to all.
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Figure 3.3 Water contact angles of PCLTA and mPEGA/PCLTA networks with different NaOH
hydrolysis time.
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and mPEGA/PCLTA disks. For both series, the water contact angle decreased on the disks
hydrolyzed for longer time, and it was always higher on photo-crosslinked PCLTA disks than on
photo-crosslinked mPEGA/PCLTA disks.
The water contact angle on the original photo-crosslinked PCLTA was 69 ± 4°, and the value
decreased significantly to 60 ±5°, 51 ±3°, and 43 ±3°for the disks hydrolyzed for 24, 48, and 60
h, respectively. These results indicated that the surface hydrophilicity was higher when the
hydrolysis time was longer. A similar trend was found on photo-crosslinked mPEGA/PCLTA
disks, by decreasing greatly from 63 ±2°to 31 ±6°with increasing the hydrolysis time from 0 to
60 h. Both surface hydrophilicity and roughness affect the capability of the surface to adsorb
proteins from culture medium [42].
3.3.2 In vitro SMC attachment and proliferation.
SMCs were seeded on the photo-crosslinked PCLTA and mPEGA/PCLTA disks hydrolyzed
for different time periods, and the results on SMC attachment at 4 h and 4-day proliferation are
shown in Figure 3.4. Consistent with the previous study in our research group on the flat disks of
photo-crosslinked PCLTA and mPEGA/PCLTA [16], photo-crosslinked mPEGA/PCLTA
(mPEGA = 5%) better supported SMC attachment and proliferation than photo-crosslinked PCLTA
at the same hydrolysis time. For both photo-crosslinked PCLTA and mPEGA/PCLTA disks, SMC
attachment and proliferation were better when the polymer disks were hydrolyzed for longer time.
On both polymer networks, the differences in SMC attachment and proliferation between the
hydrolysis time of 48 and 60 h were not significant. The cell images stained with RP and DAPI
are shown in Figure 3.5. SMC spread area also followed the same trend as in cell attachment and
proliferation. However, the difference in the cell area between the PCLTA networks and the
mPEGA/PCLTA networks at the same hydrolysis time was not significant. The SMC circularity
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Figure 3.4 SMC attachment and proliferation on PCLTA and mPEGA/PCLTA networks with different
NaOH hydrolysis time. (a) Normalized SMC attachment at 4 h post-seeding. (b) SMC numbers at days 1,
2, and 4 post-seeding. (c) SMC areas at day 1 post-seeding. (d) SMC circularities. *: significantly higher
(p < 0.05) than the corresponding data on 0 h samples. #: significantly higher (p < 0.05) than the
corresponding data on 24 h samples. ^: significantly higher (p < 0.05) than the corresponding data on 48 h
samples. +: significantly higher (p < 0.05) than the corresponding data on the PCLTA network with the
same NaOH hydrolysis time.
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Figure 3.5 SMC images at days 1, 2, and 4 post-seeding stained using RP (red) and DAPI (blue) on
PCLTA (a) and mPEGA/PCLTA (b) networks with different NaOH hydrolysis time. Scale bar of 200 m
is applicable to all images.
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on the mPEGA/PCLTA network was always smaller than that on the PCLTA network at the same
hydrolysis time. With increasing the hydrolysis time from 0 to 48 h, the SMC circularity on both
PCLTA and mPEGA/PCLTA networks decreased significantly although there was no significant
difference between the hydrolysis time periods of 48 and 60 h.
The nuclei of SMCs on the polymer disks hydrolyzed for different time periods were also
characterized, as shown in Figure 3.6. The cell nuclear area was larger on the mPEGA/PCLTA
network than that on the PCLTA network at the same hydrolysis time, and on the disks with longer
hydrolysis time for both polymer series. Nevertheless, significant difference in the cell nuclear
area was only found between the original polymer network and the hydrolyzed ones. Unlike the
nuclear area, the nuclear circularity had no difference among all the samples although the values
on the PCLTA networks were always slightly lower than on the mPEGA/PCLTA counterparts,
suggesting that the surface morphologies caused by hydrolysis did not induce elongation of cell
nuclei.
3.3.3 Focal adhesions.
FAs with functional diversity serve as the anchorage of a cell and signal carriers to report the
ECM condition to cell nucleus and the feedback in turn affects the cell behavior [43,44]. The FAs
in SMCs cultured for one day on the disks of photo-crosslinked PCLTA and mPEGA/PCLTA
hydrolyzed for different time periods were characterized, as shown in Figure 3.7. With increasing
the hydrolysis time from 0 to 60 h, the FA densities and areas on the hydrolyzed polymer disks
were substantially larger than those on the original ones for both PCLTA and mPEGA/PCLTA
networks. At longer hydrolysis time periods (> 48 h for FA density and > 24 h for FA area), the
differences in FA densities and areas became insignificant. Meanwhile, the FA densities and areas
were larger on the mPEGA/PCLTA networks than on the PCLTA networks at the same hydrolysis
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Figure 3.6 (a) Fluorescent images of SMC nuclei stained with DAPI on PCLTA and mPEGA/PCLTA
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time. Unlike FA density and area, FA circularity (~0.66) had no difference among all the samples,
suggesting that the elongation of FAs was not affected by the hydrolysis-induced surface
morphological changes.
3.3.4 In vitro degradation.
To demonstrate degradability, I measured the weight losses of both PCLTA and
mPEGA/PCLTA networks in 1 N NaOH solution via accelerated hydrolysis and in PBS via regular
hydrolysis at 37 °C, as shown in Figures 3.8a and 3.8b, respectively. Addition of mPEGA could
accelerate the hydrolytic degradation of the PCLTA network in both NaOH solution and PBS.
Similar to photo-crosslinked PPF and PCLF [18,45], no detectable degradation could be seen in
one week for both PCLTA and mPEGA/PCLTA networks in PBS at 37 °C, indicating there was
no further degradation in both PCLTA and mPEGA/PCLTA networks during the cell study. In
PBS, the mPEGA/PCLTA network degraded at a rate slightly higher than the PCLTA network,
but only a decrease of 15-20% in weight fraction can be observed after 18 months for both series
(Figure 3.8b). Meanwhile, the mPEGA/PCLTA network also had higher water absorption than the
PCLTA network (Figure 3.8e).
As shown in Figure 3.8a, the degradation of both PCLTA and mPEGA/PCLTA networks in
NaOH solution was much faster than that in PBS at 37 °C. The degradation rate of the PCLTA
network was lower than that of the mPEGA/PCLTA network, and the difference in the weight
fractions appeared to be significant after 15 days. Nevertheless, both PCLTA and mPEGA/PCLTA
networks degraded completely within 40 days in NaOH solution at 37 °C.
The thermal properties of the PCLTA and mPEGA/PCLTA networks hydrolyzed in NaOH
solution for 0, 3, 12, and 18 days were determined using DSC, as shown in Figures 3.8c and 3.8d,
respectively. The crystallinity in this chapter was for the recrystallized samples after melting. Tm
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was the highest peak temperature of the exothermal peaks during the heating process. Crystallinity
(c) was calculated using the equation of c = [ΔHm/(PCL∙ΔHmc)] × 100%, where ΔHmc of
completely crystalline PCL is 135 J/g, and PCL was the weight fraction of caprolactone in the
polymer [46]. The values of Tm, heat of fusion (ΔHm), and c are shown in Table 3.1. For the
PCLTA network, both Tm and c increased with increasing the degradation time. In contrast, for
mPEGA/PCLTA network, Tm and c first increased with increasing the hydrolysis time from 0 to
12 days, and then decreased at the hydrolysis time of 18 days. At the hydrolysis time of 12 days,
the weight fractions of both PCLTA and mPEGA/PCLTA networks were ~60%, while the weight
fractions of PCLTA and mPEGA/PCLTA networks were ~40% and ~20% with the hydrolysis
time of 18 days, respectively. It was worthy to note that the crystallinity of mPEGA/PCLTA
network was still high (~36.0%) even when the weight fraction was as low as 20%.
3.3.5 Further discussion.
The hydrolytic degradation of PCL is believed to involve chain scission to generate lowmolecular-weight oligomers or segments, which eventually would be removed from the polymer.
Copolymerizing and blending with other polymers caused the overall crystallinity to decrease and
increased the accessibility of ester linkages, thus enhancing the rate of hydrolysis [34,35]. Our
research group proved that although the addition of 5% mPEGA had no effect on the crystallinity
of the PCLTA network, it improved the surface hydrophilicity [16,40]. Higher hydrophilicity also
made water molecules diffuse into the polymer bulk and hydrolyze the chains more easily.
Therefore, the mPEGA/PCLTA network had a higher degradation rate than the PCLTA network.
Besides the increase of degradation rate by the introduction of mPEGA, the degradation of PCLTA
networks was found to have no obvious increase in degradation rate compared with linear PCL.
The degradation rate of the PCLTA network in PBS at 37 °C was in the same range of the in vivo
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Table 3.1 Thermal properties of PCLTA and mPEGA/PCLTA networks with different NaOH hydrolysis
time.

Samples

Days in
NaOH

Tm (°C)

ΔHm
(J/g)

χc
(%)

PCLTA

0
3
12
18

41.0
43.6
44.3
45.6

49.4
50.7
51.1
53.8

36.2
37.2
37.5
39.5

mPEGA/
PCLTA

0
3
12
18

41.5
43.5
45.8
42.5

47.9
49.1
50.9
46.7

36.9
38.6
39.2
36.0
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degradation of linear PCL sutures in the literature [2]. However, the degradation of PCL-based
network was different from that of linear PCL. For the network, not all the oligomers generated
from chain scission could separate and diffuse out, as part of them were connected with the
network. This was confirmed by the DSC results as the crystallinity increased with increasing the
hydrolysis time before the weight residue was too low (mPEGA/PCLTA network at 18 days). It
indicated more segments with lower molecular weights were generated during the degradation,
which had higher chain mobility and could reorient the crystalline phase, and thus increased
crystallinity, although the increase of crystallinity was limited. More remained segments also
induced higher density of hydrophilic groups, and thus the hydrophilicity of the network increased
with increasing the hydrolysis time in NaOH solution. As mentioned in literature, the initial surface
degradation usually started in the amorphous regions of the PCL, and the crystalline regions had
much lower degradation rates [34,35].
The original PCLTA and mPEGA/PCLTA networks were compressed to obtain smooth
surfaces. The introduction of 5% mPEGA into the PCLTA network did not affect surface
roughness [16,40]. Therefore, surface roughness in this chapter was mainly induced by the
hydrolysis in NaOH solution. Different from surface roughness formed in crystallization,
hydrolysis resulted in rougher surfaces with porous structures and the porosity increased with
increasing the hydrolysis time [47,48]. The increases in surface roughness and porosity, together
with the increase in surface hydrophilicity induced by the hydrolysis, were factors to improve SMC
attachment, proliferation, and focal adhesions.
Besides of surface hydrophilicity and roughness, the stiffness of the polymer network was also
important in regulating SMC behaviors. It has been reported that the stiffness of a polymer
substrate would increase or decrease during the degradation [15,19,21]. In this chapter, at the
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beginning, the amorphous phase in PCL was more susceptible to the hydrolysis. Faster degradation
of the amorphous phase increased the crystallinity and therefore the stiffness of the polymer
networks, although this increase was rather limited, as shown in Figures 3.8c and 3.8d, and Table
3.1. At longer degradation time, chain scission further decreased the crosslinking density and the
molecular weight of PCL. Meanwhile, the hydrolytic degradation also increased porosity of the
polymer networks. All of these factors would lead to the decrease in stiffness and make the
polymer networks brittle. The change in the mechanical properties during the degradation is
currently under investigation in our research group.

3.4 Conclusions
Photo-crosslinked PCLTA and mPEGA/PCLTA (mPEGA = 5%) disks were prepared, and
increased surface hydrophilicity and roughness of the substrates were obtained through hydrolysis
in 1 N NaOH aqueous solution. The mPEGA/PCLTA network could better support SMC
attachment, proliferation, spreading and focal adhesion than the PCLTA network at the same
hydrolysis time. Better SMC attachment, proliferation, spreading and focal adhesion, as well as
smaller cell circularities were found on both PCLTA and mPEGA/PCLTA networks hydrolyzed
for longer time. Both networks degraded with much higher degradation rates in NaOH solution
than in PBS, and the addition of mPEGA also could accelerate the degradation.
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Chapter IV. Four-arm and Six-arm Poly(ε-caprolactone) Acrylates: Synthesis,
Characterization, and Smooth Muscle Cells Responses to Tunable Stiffness
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Abstract
We synthesized 4arm and 6arm poly(ε-caprolactone) acrylates (PCLAs) with different
molecular weights through acrylation of PCL tetraols and hexanols, which were prepared via ringopening polymerization of -caprolactone initiated with pentaerythritol and dipentaerythritol,
respectively. The multi-arm PCLAs showed high photo-crosslinking efficiency and the resulted
PCLA networks had gel fractions higher than 82%. By varying the molecular weight of PCLA,
both amorphous and semi-crystalline PCLA networks were obtained. Photo-crosslinked 4arm and
6arm PCLAs with number-average molecular weights higher than 10000 g/mol and 13000 g/mol
were semi-crystalline at physiological temperature, which showed distinct thermal and mechanical
properties. Compared to amorphous PCLA networks, semi-crystalline PCLA networks had higher
stiffness, rougher surface, lower hydrophilicity and lower protein adsorption. Photo-crosslinked
PCLA disks were used for modulating primary rat aortic smooth muscle cell (SMC) behavior. We
found that among all the surface characteristics, other than surface hydrophilicity and roughness,
substrate stiffness was the main factor in promoting SMC attachment, proliferation, spreading,
focal adhesions, and contractile gene expression.
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4.1 Introduction
In tissue engineering applications, biomaterials with desired properties provide a permissive
environment for cell functions as extrinsic signals to cells from the surrounding extracellular
matrix (ECM) are essential in guiding them through distinct development stages [1-4]. The
mechanical, chemical, and morphological properties of the biomaterials need to be precisely
controlled, as they are important in determining cell responses to ECM [5-10]. Curable or
crosslinkable polymeric biomaterials have advantages such as their injectability and
manufacturability using diverse fabrication methods and tailorable chemical structures and
physicochemical properties for diverse tissue engineering applications. Crosslinkable polymers
such as polypropylene fumarate (PPF) can be cured via photo-initiation, heat, irradiation, or redox
process. Among these methods, photo-crosslinking has advantages such as high efficiency, easy
to control heat evolution, and flexibility in preparing heterogeneous substrates and structures with
variations in material type and properties [11-15].
A series of photo-crosslinkable polymeric biomaterials based on poly(-caprolactone) (PCL)
has been developed, for example, PPF-co-PCL, PCL fumarate (PCLF), PCL diacrylate (PCLDA),
and PCL triacrylate (PCLTA) [16-20]. Among these polymers, our research group recently
focused on PCLDAs and PCLTAs, which were synthesized via acrylation of PCL diols and triols
with different molecular weights, respectively. Photo-crosslinked PCLDAs and PCLTAs have
mechanical and thermal properties that can be controlled through crosslinking density and
crystallinity, both of which are directly related with the molecular weight of the PCL diol or triol
precursor [16,17]. Then PCLDA or PCLTA networks with different stiffnesses were used as model
systems to regulate cell behavior [16,17]. PCLDA and PCLTA can also be crosslinked with other
polymers such as PPF and hydrophilic methoxyl polyethylene glycol monoacrylate (mPEGA) or
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incorporated with inorganic fillers such as hydroxyapatite (HA) nanoparticles to modify the
physicochemical characteristics and therefore to regulate the behaviors of different types of
mammalian cells [20-22]. PCLTAs with two different molecular weights were also fabricated into
microgrooved substrates to promote functions of mouse pre-osteoblastic MC3T3-E1 cells and
nerve cells [23,24]. Photo-crosslinked PCLTA substrates with a stiffness gradient along the
longitudinal direction could be used to guide rat aortic smooth muscle cell (SMC) migration [17].
Compared with the linear counterpart with the same molecular weight, a branched or multiarm polymer has the advantages of a lower viscosity and a higher density of terminal end groups
[25,26]. In stereolithographical fabrication of PCLA, both a low viscosity and a high density of
crosslinkable end groups are desirable as the former means better injectability and processability
while the latter means high crosslinking efficiency. In this chapter, I used pentaerythritol and
dipentaerythritol as initiators to synthesize PCL tetraols and hexanols with different molecular
weights, respectively. The PCL tetraols and hexanols were then converted into photo-crosslinkable
PCLAs via acrylation. Thermal properties of the polymers such as melting temperature (Tm) and
crystallinity (c) were examined and correlated with their mechanical and rheological properties.
Surface properties such as roughness, hydrophilicity, and its capability of adsorbing serum protein
from cell culture media were also studied. Then I focused on the roles of surface properties of the
photo-crosslinked PCLA networks in influencing SMC attachment, proliferation, spreading, focal
adhesions (FAs), and contractile gene expression on them.
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4.2 Materials and Methods
4.2.1 Synthesis.
Methylene chloride (CH2Cl2) was purchased from Fisher Scientific (Hampton, NH) and all
other chemicals used here were purchased from Sigma Aldrich (Milwaukee, WI) unless otherwise
noted. As shown as Figure 4.1, pentaerythritol and dipentaerythritol were as the initiators in
synthesizing PCL tetraols and hexanols via ring-opening polymerization (ROP) of ε-caprolactone
at 130 °C for 12 h in the presence of Sn(Oct)2 as the catalyst, respectively. The molecular weight
of PCL tetraol or hexanol was modulated using the monomer to initiator feed ratio. The PCL
tetraols and hexaols were added dropwise into diethyl ether to remove the low-molecular-weight
oligomer and the precipitate was rotary evaporated. Then acylation of the PCL tetraols and
hexanols was performed in the presence of K2CO3 as the proton scavenger to form PCLAs [16,27].
PCL tetraol, acryloyl chloride, and K2CO3 were measured at a molar ratio of 1:4:4 (1:6:6 for PCL
hexanol). PCL tetraol or hexanol was dissolved in methylene chloride (1:2 v/v) and placed in a 50
mL three-neck flask along with K2CO3 powder. Acryloyl chloride dissolved in methylene chloride
(1:10 v/v) was then added dropwise into the slurry of K2CO3/ PCL tetraol or hexanol in methylene
chloride. After reaction at room temperature under nitrogen for 24 h, the mixture was filtered to
remove the solids and then precipitated in diethyl ether again. The molecular weights of PCL
tetraols and hexaols and PCLAs were determined using gel permeation chromatography (GPC;
PL-GPC20, Polymer Laboratories) at room temperature with tetrahydrofuran as the eluent and
standard monodisperse polystyrene samples (Polymer Laboratories) for calibration. The chemical
structures of PCL tetraols and hexaols and PCLAs were determined using 1H NMR (Varian
Mercury 300 spectrometer, 300 MHz) with CDCl3 containing tetramethylsilane (TMS) as solvent.
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Figure 4.1 Synthesis of PCL-OHs and PCLAs.
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4.2.2 Photo-crosslinking of PCLAs.
Photo-initiator, phenyl bis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO, IRGACURE
819, Ciba Specialty Chemicals, Tarrytown, NY) was used in photo-crosslinking. 75 μL of
BAPO/CH2Cl2 (300 mg/1.5 mL) solution was mixed with PCLA solution in CH2Cl2 (1.5 g/500
μL). The mixture was then transferred into a Teflon mold composed of two glass plates and a
Teflon spacer, and then placed under a high-intensity long-wave UV lamp (SB-100P, Spectronics
Corp., Westbury, NY, λ= 365 nm, Intensity: 4800 w/cm2) for 20 min at ~10 cm from the lamp
head. After crosslinking, PCLA disks were removed from the mold after cooled down to room
temperature and then completely dried in a vacuum oven. The dry PCLA disks were weighed.
Based on the measured weights of the original (W0), fully swollen (Ws, CH2Cl2 was used to swell
the disks), and dry (Wd,) PCLA disks, the swelling ratio and gel fraction were calculated using the
equations of (Ws-Wd)/Wd and Wd/W0, respectively [13,16]. Except for the swelling ratio and gel
fraction, flat crosslinked PCLA substrates were soaked in acetone for two days to remove the sol
fraction and unreacted BAPO, dried completely in vacuum, and compressed between two glass
plates at 60 °C and crystallized at room temperature there.
4.2.3 Material characterization.
The thermal properties of PCL tetraols and hexanols, 4arm/6armPCLAs, and crosslinked
PCLAs were performed using differential scanning calorimetry (DSC, Q2000, TA instruments,
New Castle, DE). The samples were first heated from room temperature to 100 °C and then cooled
back to -80 °C, followed by another heating round to 100 °C at a rate of 10 °C/min for all the
rounds in dry nitrogen. Linear viscoelastic properties of photo-crosslinked PCLA disks (8 mm ×
0.5 mm, diameter × thickness) were measured on a strain-controlled rheometer (RDS-2,
Rheometric Scientific) using the dynamic frequency sweep mode in the frequency () range of
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0.1-100 rad/s with a strain of 2% at 37 and 60 °C. Zero-shear viscosities (0) of PCLAs were
measured using dynamic mode in the Newtonian region at temperatures from 60 to 90 °C using
the same rheometer. A 25 mm diameter parallel plate flow cell and a gap of ~0.8 mm with a strain
of 20% in the frequency range of 0.5-50 rad/s were used in the rheological measurements. The
tensile properties of photo-crosslinked PCLA strips (0.5 mm × 0.8 mm × 10 mm, thickness ×
width× length) were tested at 37 °C using a dynamic mechanical analyzer (DMA, Q800, TA
instruments) at a strain rate of 0.005 s-1. The surface morphologies of photo-crosslinked PCLA
disks were detected using a multi-mode atomic force microscope (AFM) with a Nanoscope III
control system (Veeco Instruments, Santa Barbara, CA). A tapping mode over a scan area of 10
m × 10 m at a scan rate of 0.5 Hz was used. Root-mean square roughness (Rrms) was measured
from the height images using the Nanoscope 7.30 software (Veeco Instruments, Santa Barbara,
CA). Water contact angles were measured at 37 °C using a Ramé-Hart NRC C. A. goniometer
(model 100-00-230) and analyzed using a tangent method and the ImageJ software (National
Institutes of Health, Bethesda, MD) on 20 μL of distilled water (pH = 7.0) injected onto photocrosslinked PCLA disks after a static time of 30 s. Four disks were used for each photo-crosslinked
PCLA to calculate the average and standard deviation.
4.2.4 Protein adsorption.
Photo-crosslinked PCLA disks were sterilized in 70% ethanol solution and dried completely
prior to protein adsorption measurements and cell studies. The sterile polymer disks were soaked
for 4 h at 37 °C in the culture medium for SMCs, i.e., Dulbecco's modified eagle medium (DMEM;
Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS; HyClone, Thermal
Scientific) and 1% penicillin/streptomycin (Gibco). Then the polymer disks were washed using
600 μL of phosphate buffered saline (PBS) three times with 10 min of gentle agitation, followed
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by immersion in 300 μL of 1% sodium dodecyl sulfate (SDS) solution for 1 h three times. The
total concentration of adsorbed serum proteins in the collected SDS solution was determined using
a MicroBCA protein assay kit (Pierce, Rockford, IL) on a microplate reader (SpectraMax Plus
384, Molecular Devices, Sunnyvale, CA). The protein concentration was correlated with the UV
absorbance of the SDS solution at 562 nm, based on a calibration curve constructed using solutions
of albumin in the kit with known concentrations.
4.2.5 In vitro SMC attachment and proliferation.
SMCs were cultured in the culture medium mentioned above. SMCs were seeded onto photocrosslinked PCLA disks (10 mm ×0.5 mm, diameter ×thickness) at a density of 15,000 cells/cm2
and cultured for 4 h, 1, 2, and 4 days, using tissue culture polystyrene (TCPS) as the positive
control. A colorimetric cell metabolic assay (CellTiter 96 Aqueous One Solution, Promega,
Madison, WI) was performed in each well to determine the number of attached cells. The cell
number was correlated to the UV absorbance of the solution at 490 nm measured on the microplate
reader mentioned above and then quantified using a standard curve constructed using known cell
numbers. The attached SMCs on the photo-crosslinked PCLA disks were washed with PBS, fixed
in 4% paraformaldehyde (PFA, Electron Microscopy Science) solution for 10 min at room
temperature, washed with PBS twice, and then permeabilised with 0.1% Triton X-100 at room
temperature for another 10 min. Cytoplasm and cell nuclei were then stained using rhodaminephalloidin (RP, Cytoskeleton, Denver, CO) for 1 h at 37 °C and 4',6-diamidino-2-phenylindole
(DAPI) at room temperature, respectively. Then the cells were photographed using an Axiovert 25
light microscope (Carl Zeiss, Germany). Based on the cell images, cell area was determined on
more than 50 non-overlapping cells at day 1 by using ImageJ.
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4.2.6 Characterization of focal adhesions.
At day 1 post-seeding, SMCs attached on the photo-crosslinked PCLA disks were fixed and
permeabilized as described in the last paragraph. Then the disks with attached cells were incubated
in 1% bovine serum albumin (BSA)/PBS at 37 °C for 30 min. After being washed with PBS three
times, the disks with attached cells were incubated in monoclonal mouse antibody against vinculin
(1:1000 in 1% PBS; Sigma) at room temperature for 2 h, followed by PBS washing three times
again. Then the disks with attached cells were cultured with goat anti-mouse IgG secondary
antibody (1:200 in 1% PBS; Sigma) at room temperature in dark for 2 h. The cells were also stained
using RP at 37 °C for another 1 h. The FAs in the SMCs were photographed on a Leica DM6000B
fluorescent confocal microscope. The density (defined as the number of FAs per cell), area, and
elongation (defined as perimeter2/4π/area) of the FAs in the SMCs were analyzed and averaged
from 15 non-overlapping cells using ImageJ.
4.2.7 Gene expression.
Polymerase chain reaction (PCR) was used to quantify the expression levels of contractile
phenotypic markers of smoothlin, calponin, transgelin, and smooth muscle myosin heavy chain
(SM-MHC) in SMCs cultured for 4 days on photo-crosslinked PCLA disks. Total RNA was
isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA) and the cDNA was synthesized by
reverse transcription using DyNAmo cDNA Synthesis Kit (Thermo Scientific, Waltham, MA).
The primers for these gene markers were designed using the Oligoperfect software, and their
sequences are listed as follows. Smoothlin: forward 5'-TCGGAGTGCTGGTGAATAC-3', reverse
5'-CCCTGTTTCTCTTCCTCTGG-3';

calponin:

forward

5'-

AGTCTACTCTCTCTTGGCTCTGGCC-3', reverse 5'-CCTGCCTTCTCTCAGCTTCTCAGG3';

transgelin:

forward

5'-GGCAGCTGAGGATTATGGAGTCACG-3',

92

reverse

5'-

TGGGATCTCCACGGTAGTGTCCA-3'; SM-MHC: forward 5'-AAGCAGCTCAAGAGGCAG3', reverse 5'-AAGGAACAAATGAAGCCTCGTT-3'; and house-keeping gene glyceraldehyde3-phosphate dehydrogenase (GAPDH): forward 5'-TCTTCACCACCATGGAGAA-3', reverse 5'ACTGTGGTCATGAGCCCTT-3'. Expression of these gene markers was quantified through PCR
with Power SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK). The
amplification and detection process was performed on a Peltier Thermal Cycler fluorescence
detection system (MJ Research PTC-200, Bio-Rad Laboratories, Inc, Foster City, CA). The
procedure was set as 94 °C for 5 min followed by the cyclic steps of 94 °C for 30 s, 55 °C for 30
s, and 72 °C for 30 s. The expression levels of target gene markers were normalized to that of the
GAPDH.
4.2.8 Statistical analysis.
Cell studies were performed in quadruplicates for each group at each time point. All values
were expressed as mean ± standard deviation. The statistical significance (p < 0.05) in the
difference between any two groups was calculated using the student’s t-test.

4.3 Results and Discussion
4.3.1 Structure characterization and photo-crosslinking.
The molecular weights of the PCL tetraols and hexanols and 4arm/6arm PCLAs determined
using GPC are shown in Table 4.1. The 4arm PCLAs with number-average molecular weights
(Mn) of 7390, 8770, 9610, 14700, 19900, and 25400 g/mol were named as PCLA -7k, 8k, 10k,
14k, 19k, and 25k, respectively. The 6arm PCLAs with Mn of 10200, 13600, 18100, and 30600
g/mol were named as PCLA -10k, 13k, 18k, and 30k, respectively. The polydispersity indexes
(PDIs) of these polymers were mostly below 1.30, showing that the polymers were monodisperse.
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Table 4.1 Molecular characteristics and thermal properties of the PCL-OHs and PCLAs.
Polymer

PCLOH

PCLA

-7k
-8k
-10k
-14k
-19k
-25k
-10k
-13k
-18k
-30k
-7k
-8k
-10k
-14k
-19k
-25k
-10k
-13k
-18k
-30k

Mn
(g/mol)
7560
8450
9250
14200
19400
28100
9990
12800
17900
29600
7390
8770
9610
14700
19900
25400
10200
13600
18100
30600

Mw
(g/mol)
8680
9680
10300
15700
22900
36600
10900
14300
20500
37700
8730
9690
10600
16700
23700
34500
11200
14700
20300
38800

Thermal properties
Tcc (°C) Tm,1 (°C) Tm,2 (°C) ΔHm (J/g)
1.15
14.8
41.2
46.3
77.5
1.15
16.6
41.1
46.5
77.8
1.11
21.0
45.8
49.4
76.6
1.11
24.2
49.7
52.8
75.3
1.12
25.0
51.6
54.3
80.5
1.30
31.4
53.6
55.8
78.5
1.10
15.1
39.8
44.8
76.2
1.11
21.8
45.1
48.3
75.3
1.14
26.7
48.2
51.0
79.5
1.27
29.7
53.1
55.2
80.2
1.18
19.2
40.0
46.3
72.9
1.11
20.4
40.4
46.3
73.1
1.10
20.4
44.1
49.4
75.5
1.13
30.0
50.0
53.0
72.8
1.19
35.7
53.2
54.0
72.6
1.36
34.0
54.5
56.6
70.5
1.10
17.8
39.1
45.6
65.3
1.09
20.4
43.9
48.9
70.1
1.13
24.3
47.8
51.8
74.1
1.27
30.5
54.0
55.9
67.3
: 4arm; : 6arm
PDI
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χc (%)
58.4
58.5
57.5
56.3
60.0
58.5
57.9
56.8
59.7
59.9
55.0
55.0
56.7
54.4
54.1
52.4
49.6
53.0
55.7
50.3

The chemical structures of the polymers were confirmed using 1H NMR spectra. As shown in
Figure 4.2, all the chemical shifts were assigned to the corresponding protons in the polymer
structures. Evidently, vinyl groups (-CH=CH2) with the chemical shift () in the range of 5.7-6.5
ppm can only be seen in the spectra of PCLAs but not in the spectra of PCL tetraols or hexanols.
The theoretical molecular weights of PCL tetraols or hexanols were calculated based on the feed
molar ratio of the monomer to the initiator with assumption that all the terminal hydroxyl groups
initiated the ROP of the monomer. The theoretical molecular weights of PCLAs were calculated
by changing the terminal hydroxyl groups into acrylate groups. The molecular weights of the
polymers were also calculated from 1H NMR spectra by comparing the integral areas between the
methylene protons (-CH2-) in PCL at δ of 2.3 ppm and the protons connected to the terminal
hydroxyl groups (-CH2-OH, δ = 3.6 ppm) in PCL tetraols and hexanols or the protons of vinyl
groups in PCLAs [28]. The chemical shift for the hydroxyl group at 3.6 ppm was significantly
smaller in the spectra of the PCLAs than in those of PCL tetraols and hexanols, based on which
the acrylation rate was calculated to be always higher than 85%.
High acrylation led to a high crosslinking density and thus it was more precise to modulate the
thermal and mechanical properties of the PCLA network. The gel fractions of photo-crosslinked
PCLA -7k, 8k, 10k, 14k, 19k, and 25k were 0.96 ± 0.02, 0.94 ± 0.04, 0.93 ± 0.02, 0.92 ± 0.02,
0.85 ± 0.02, and 0.82 ± 0.01, respectively. The gel fractions of photo-crosslinked PCLA -10k,
13k, 18k, and 30k were 0.97 ±0.01, 0.95 ±0.01, 0.94 ±0.02, and 0.90 ±0.02, respectively. When
the arm length was the same, photo-crosslinked 6arm PCLAs had the higher gel fractions than
photo-crosslinked 4arm PCLAs, which in turn had higher values than photo-crosslinked PCLTAs.
This result confirmed that more acrylate end groups in PCLA led to better crosslinking efficiency.
The swelling ratios of photo-crosslinked PCLA -7k, 8k, 10k, 14k, 19k, and 25k in CH2Cl2 were
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Figure 4.2 1H NMR (300 MHz, CDCl3, reference TMS) spectra of PCL-OHs and PCLAs (a, 4arm PCLOH; b, 4arm PCLA; c, 6arm PCL-OH; d, 6arm PCLA). S = solvent. Asterisk denotes the signals due to
the residue of CH2Cl2.
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5.2 ± 0.3, 6.2 ± 0.7, 7.8 ± 0.8, 9.7 ± 0.2, 11.4 ± 0.6, and 17.9 ± 0.9, respectively. The swelling
ratios of photo-crosslinked PCLA -10k, 13k, 18k, and 30k were 5.1 ± 0.4, 6.6 ± 0.4, 7.3 ± 0.2,
and 11.7 ±0.8, respectively. For all the PCLAs, the gel fractions decreased and the swelling ratios
increased with increasing the molecular weight as the density of acrylate end groups and the
crosslinking density both decreased.
4.3.2 Thermal properties.
The thermal properties of PCL tetraols and hexanols, 4arm/6arm PCLAs, and crosslinked
PCLAs were determined using the DSC curves in both heating and cooling rounds, as shown in
Figure 4.3. The cold crystallization temperature (Tcc) was the highest peak temperature of
endothermal peaks in the cooling round, while Tm and ΔHm were the highest peak temperature and
the heat of fusion determined from the exothermal peaks in the heating round. c was calculated
using the equation of c = [ΔHm/(PCL∙ΔHmc)] × 100%, where ΔHmc is the value of 135 J/g for
completely crystalline PCL [29], and PCL was the weight fraction of caprolactone in the polymer.
The values of Tcc, Tm, ΔHm and c for uncrosslinked polymers, including PCL tetraols and
hexanols and PCLAs are listed in Table 4.1, while the values for photo-crosslinked PCLAs are in
Table 4.2. Glass transition could not be detected in the DSC curves. For most of the studied
polymers, both Tcc and Tm increased with increasing the molecular weight. Regardless of the
molecular weight, all the PCL tetraols and hexanols and PCLAs had high crystallinities with two
melting peaks, which were attributed to multiple arms. After photo-crosslinking, the crystallinity
and Tm decreased significantly and there was only one melting peak as the PCL crystalline domains
were strongly restricted by the network [30,31]. Although all the photo-crosslinked PCLAs were
still semi-crystalline, the ones made from PCLAs with low molecular weights, -7k, -8k and
-10k, became amorphous at the body temperature (37 °C). The Tms of photo-crosslinked PCLA
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Figure 4.3 DSC curves of 4arm (a, c) and 6arm (b, d) PCL-OHs, PCLAs, and crosslinked PCLAs.
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Table 4.2 Thermal and mechanical properties (37 °C) of crosslinked PCLAs.
: 4arm; : 6arm
Thermal properties
Mechanical properties
Polymer
Tcc (°C) Tm (°C) ΔHm (J/g) χc (%)
E (MPa)
G (MPa)
b (%)
14.0 ±0.3
24 ±9
0.61
-7k
-15.7
27.6
34.0
26.4
7.5 ±0.3
20 ±7
0.54
-8k
-13.9
28.2
36.4
28.1
80.6 ±4.1
58 ±13
1.78
-10k
3.3
36.7
42.4
32.6
136 ±7
151 ±22
2.73
-14k
17.1
43.4
51.5
39.1
211 ±4
215 ±30
4.31
22.8
49.1
58.1
43.8
Crosslinked -19k
PCLA
229 ±16 243 ±26
4.62
-25k
28.7
54.4
61.1
45.9
5.7 ±0.2
18 ±6
0.88
-10k
-3.5
29.8
34.9
27.3
48.7 ±1.2
25 ±10
2.21
-13k
3.5
36.0
40.8
31.5
159 ±12 120 ±19
3.85
-18k
9.9
41.9
50.3
38.4
241 ±22 253 ±39
4.73
-30k 26.1
54.9
60.0
45.3
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-10k and -13k were 36.7 and 36.0 °C, respectively. Based on the Mn values from GPC, PCLA
-10k and -13k had the arm length of ~2200 g/mol and this value could be considered as the
boundary condition for determining whether it was amorphous or semi-crystalline at 37 °C for a
PCL-based network. The differences in crosslinking density and crystallinity at 37 °C resulted in
their distinct mechanical properties.
4.3.3 Mechanical and rheological properties.
Before photo-crosslinking, all the polymers had melting temperatures higher than 37 °C and
were wax-like solid at room temperature. The 0 values of these PCLDAs at different temperatures
above their Tms were measured and plotted against temperature in Figure 4.4. As expected, 0
decreased with increasing the temperature or decreasing the molecular weight. At temperatures
higher than the Tm, the PCLAs became fluid-like with low viscosities (1-10 Pa∙s). After photocrosslinking, no fluid-like behavior could be observed. As shown in the Figure 4.4, all the photocrosslinked PCLAs showed that the storage modulus (G') was always much greater than the loss
modulus (G"), in which G' was frequency independent, and the viscosity (η) curves showed the
shear thinning behavior, indicating perfect polymer networks. Because photo-crosslinked -7k,
-8k, and -10k were amorphous at both test temperatures, there were no significant variances
with temperatures for G', G", and η. In contrast, the other samples showed distinct sets of
rheological curves at different temperatures, as they were semi-crystalline at 37 °C but amorphous
at 60 °C. At 37 °C, the G' values of semi-crystalline networks were significantly higher than the
amorphous networks, and G' increased with increasing the molecular weight. At 60 °C, the G'
decreased as the molecular increased, as G' was only determined by the crosslinking density for
an amorphous network. Averaged from G' over the frequency range, shear modulus (G) for an
amorphous polymer network in Table 4.2 can be used to calculate the average molecular weight
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Figure 4.4 Storage modulus G' (solid symbols), and loss modulus G" (open symbols) vs. frequency for
crosslinked PCLAs at 37 °C (a, 4arm PCLA; c, 6arm PCLA) and 60 °C (b, 4arm PCLA; d, 6arm PCLA).
Viscosity (lines) vs. frequency for crosslinked PCLAs at 37 °C (e, 4arm PCLA; f, 6arm PCLA) and 60 °C
(g, 4arm PCLA; h, 6arm PCLA). (i) Temperature dependence of zero-shear viscosity for PCLAs.
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(Mc) between two neighboring crosslinks through the equation of G = RT/Mc, where  is the
density of the polymer network in g/cm3, R is the universal gas constant of 8.3144 J/mol/K, and T
is absolute measurement temperature in K [13,32]. In this chapter, Mc was related to the arm
molecular weight of PCLA, which was the division of the total molecular weight by the arm
number. The crosslinking density nc (moles of active polymer network chains per unit volume)
can be deduced using the equation of nc = /Mc [13,32]. The nc values of photo-crosslinked PCLA
-7k, 8k, 10k, 14k, 19k, and 25k were 940, 870, 800, 780, 600, and 340 mol/m 3, respectively.
The nc values of photo-crosslinked PCLA -10k, 13k, 18k, and 30k were 1860, 1590, 1230, and
620 mol/m3, respectively. The nc values of 6arm PCLA were much higher than these of 4arm
PCLA with similar arm length.
Representative tensile stress-strain curves of photo-crosslinked PCLAs at 37 °C are shown in
Figure 4.5 and the elastic moduli (E) obtained from the initial slope of the curves are summarized
in Table 4.2. The amorphous PCLA networks were brittle and broke before showing plastic
deformation, while the semi-crystalline PCLA networks were stiff and broke at high strains with
demonstrating yielding and necking. For the amorphous PCLA networks, E was only related to
the crosslinking density in the chemical network. In contrast, for the semi-crystalline PCLA
networks, crystallites formed a physical network to strengthen the chemical network. Therefore,
the semi-crystalline networks of PCLA -25k and -30k with the highest c had the highest E of
229 ± 16 and 241 ± 22 MPa, and highest strains at break (b) of 243 ± 26% and 253 ± 39%,
respectively. Differences were noticed between the two networks of PCLA -10k and -13k with
Tm near 37 °C as the former showed the necking phenomenon with a b value of 58 ± 13% than
the latter (b = 25 ±10%), although both networks had a low c at 37 °C.
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The 3D AFM height images of compressed photo-crosslinked PCLA disks are shown in Figure
4.6a. The compressed semi-crystalline photo-crosslinked PCLA disks were much less rough
compared with their original ones, as indicated by the Rrms values of 16.3 ±2.1, 17.2 ±2.0, 19.5 ±
1.9, 21.2 ± 1.3, 17.5 ± 2.8, 18.4 ± 1.2, and 24.3 ± 3.1 nm for -10k, 14k, 19k, 25k, -13k, 18k,
and 30k, respectively. Lower than those for semi-crystalline ones, the Rrms values of the amorphous
disks of photo-crosslinked PCLA -7k, -8k, and -10k were 12.8 ±1.3, 13.1 ±1.6, and 11.9 ±
2.4 nm, respectively. It should be noted that the Rrms values of the photo-crosslinked PCLA disks
at 37 °C should be lower than the above values from the AFM images taken at room temperature.
The difference in c also affected the surface hydrophilicity of photo-crosslinked PCLA disks.
As shown in Figure 4.6b, the water contact angle increased while the capability of adsorbing serum
proteins from cell culture media decreased with increasing the molecular weight of PCLA,
indicating more crystalline PCLAs led to higher hydrophobicity and lower protein adsorption.
These results were consistent with the pervious findings on PCL fumarates (PCLFs), PCLDAs,
and PCLTAs [16,17,30].
4.3.4 In vitro SMC attachment and proliferation.
Consistent with previous reports [16,17,33-35], stiffer disks of photo-crosslinked PCLAs
better supported SMC attachment and proliferation. SMC attachment and proliferation in Figures
4.7a and 4.7b followed the same trend as the stiffness of the PCLAs, but the opposite trend as
found in protein adsorption, by showing that the cell densities decreased with increasing the
molecular weight for amorphous photo-crosslinked PCLAs while increased with increasing the
molecular weight for semi-crystalline photo-crosslinked PCLAs. Except for SMC proliferation on
the disks of amorphous photo-crosslinked PCLA -7k and -8k, the differences in SMC
attachment and proliferation were significant between any two substrates for both 4arm and 6arm
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Figure 4.6 (a) AFM 3D height images of compressed crosslinked PCLA disks. (b) Water contact angles
and protein adsorptions on crosslinked PCLA disks.
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PCLAs. The images of SMCs stained with RP and DAPI at days 1, 2, and 4 are shown in Figure
4.8 and the cell numbers in the images were consistent with the results in Figures 4.7a and 4.7b.
The cells on semi-crystalline disks of photo-crosslinked PCLAs were apparently more and could
spread better and became confluent at day 4. While on the amorphous disks of photo-crosslinked
PCLAs, SMCs were still separated at day 4. The SMCs had better spreading on the PCLAs with
higher stiffness than PCLAs with lower stiffness, which was similar with the attachment and
proliferation. As shown in Figure 4.7c, the cell spread areas analyzed from the cell images also
followed the same trend as the cell attachment and proliferation. However, there was no significant
difference between two amorphous groups of photo-crosslinked PCLA -7k and -8k, or among
the three semi-crystalline groups of photo-crosslinked PCLA -14k, -19k and -25k, or
between photo-crosslinked PCLA -18k and -30k. Interestingly, the SMC spread areas on the
disks of photo-crosslinked PCLA -10k and -13k with Tm near 37 °C were significantly smaller
than those semi-crystalline ones but also significantly larger than those amorphous ones in their
series.
4.3.5 Focal adhesions and gene expression.
FAs serve as the anchorage of a cell and signal carriers to report the ECM condition to cell
nucleus and the feedback in turn determines the cell behavior [36,37]. Because FAs are the direct
contacts between ECM and cell body, they were the primary component in sensing ECM stiffness
and transducing signals to cells through internal signal pathways. Five representative substrates of
photo-crosslinked PCLA -7k, -14k, -25k, -18k and -30k were chosen as the substrates
to characterize the FAs in the SMCs cultured on them for one day. Based on the fluorescent cell
images in Figure 4.9a, FA density and area are shown in Figure 4.9b. FAs on -7k, -14k, and
-18k substrates were less dense and mainly distributed on cell periphery, while FAs on -25k
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and -30k substrates were denser, and located both on cell periphery and inside cell body, as
SMCs could sense more surface features of stiffer substrates than softer ones. SMCs on semicrystalline photo-crosslinked PCLA -25k and -30k had higher FA densities than those on the
others, while the FA density on amorphous photo-crosslinked PCLA -7k was the lowest. Same
as FA density, higher FA areas were also observed on the stiffer disks of photo-crosslinked PCLAs,
while significant differences were found between -25k and the other two, or between -30k and
-18k. FA elongation (~1.7) had no significant difference among all these studied photocrosslinked PCLA disks with flat, featureless surfaces.
Based on the results on SMC attachment and proliferation, photo-crosslinked PCLA -7k, 14k, -25k, -10k, -18k and -30k were chosen as the substrates for culture SMC for 4 days
for real-time PCR to determine the mRNA expression levels of four typical contractile gene
markers, i.e., smoothlin, calponin, transgelin, and SM-MHC. As shown in Figure 4.10, SMCs
cultured on the stiffer substrates had higher contractile phenotypic gene expression levels,
consistent with their attachment and proliferation. For all these four contractile gene markers, their
expression levels were substantially higher on semi-crystalline photo-crosslinked PCLAs, and the
highest levels appeared on the substrates with the highest PCLA molecular weight, i.e., the highest
c and E, for both 4arm and 6arm PCLA. The results indicated that stiffer substrates could support
a larger portion of functional contractile phenotype and conversion from the proliferative synthetic
phenotype. For these substrates with E higher than 100 MPa, the differences in the gene expression
levels were smaller compared with the differences from those on the amorphous and compliant
substrates. Besides the transgelin expression level on -14k and -18k, there was no significant
difference between photo-crosslinked disks of the 4arm and 6arm PCLAs with a similar stiffness,
for example, -7k vs.-10k, -14k vs. -18k, and -25k vs. -18k). This result indicated that
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the gene expression could hardly differentiate the stiffness variance within 30 MPa.
4.3.6 Further discussion.
Compared with the previously reported PCLDAs and PCLTAs [16,17], the 4arm and 6arm
PCLAs with different molecular weights used in this chapter had more acrylates in one polymer
molecule. Thus photo-crosslinked 4arm and 6arm PCLAs had higher gel fractions and higher
crosslinking densities, and more flexible in tuning the thermal and mechanical properties.
Although the uncrosslinked sol part was PCLA and had no harm to the tissue, these free polymer
chains might affect the mechanical properties and inhibit cell attachment. When PCLAs are used
in in situ hardening/filling via photo-crosslinking, it will be difficult to remove the uncrosslinked
PCLA and thus the sol fraction should be minimized without the need of increasing the
crosslinking time. Therefore, compared with PCLDA and PCLTA at the same crosslinking time,
4arm and 6arm PCLAs with the same molecular weight could result in networks with high
crosslinking densities and higher gel fractions.
Surface characteristics of photo-crosslinked PCLAs, such as surface roughness and
hydrophilicity, were examined. The crystalline surfaces usually were much rougher with larger
surface areas than the amorphous or compressed counterparts. The freely crystallized PCL surfaces
with spherulitic structures were proved to better support MC3T3-E1 cell attachment and
proliferation [38]. However, MC3T3-E1 attachment and proliferation were not evidently
influenced by the surface roughness caused by PCL crystallization when semi-crystalline
crosslinked PCLDA disks before and after hot compression were compared [16]. In this chapter,
all the semi-crystalline PCLA networks were compressed to obtain smoother surfaces and the Rrms
values were not significantly different from those for the amorphous ones. The hydrophilicity and
the capability of adsorbing proteins from the cell culture media decreased with increasing the c
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of the PCLA network. Semi-crystalline photo-crosslinked PCLAs with higher E enhanced SMC
attachment, proliferation, spreading, FAs, and contractile gene expression than the amorphous
counterparts. Compared to roughness and hydrophilicity, SMC attachment, proliferation, and
spreading were majorly affected by the substrate stiffness. In Chapter 2, I further found that
prolonged photo-crosslinking time could render a higher crosslinking density in PCLA networks
and consequently improved SMC attachment, proliferation, spreading, and FAs. The semicrystalline 4arm and 6arm PCLA networks used in this chapter not only had high crosslinking
density but also high stiffness, both of which could promote SMC responses to the substrates.
PCLAs with high efficiency of photo-crosslinking can be fabricated into 2D and 3D structures
with tunable mechanical and thermal properties. As indicated in the previous discussion, both 4arm
and 6arm PCLAs were PCL-dominant, and stiffness was regulated by the molecular weight. The
photo-crosslinked 4arm PCLAs had E values in the range of 7.5-231MPa, and the photocrosslinked 6arm PCLAs were between 4.9 and 249 MPa. A wide range of substrate stiffness
resulted in distinct SMC attachment, proliferation, spreading, FAs, and gene expression.
Nevertheless, further studies are needed to clarify the range of stiffness that is sensitive to cells.
Based on the responses of different cell types to these photo-crosslinked PCLAs here and in
previous studies in our research group, we can rationally select suitable biomaterials for different
applications from hard tissue replacement to soft tissue replacement.

4.4 Conclusions
A series of biodegradable and photo-crosslinkable 4arm and 6arm PCLAs were prepared via
the acrylation of PCL tetraols and hexanols were synthesized in the presence of K2CO3. These
4arm and 6arm PCLAs were photo-crosslinked with high crosslink efficiency into substrates with
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controllable stiffness by varying the crosslinking density and crystallinity, which were
simultaneously regulated by varying the PCLA molecular weight. Both amorphous and semicrystalline PCLA networks were obtained, and their thermal, mechanical and rheological
properties, surface roughness and hydrophilicity varied significantly. SMC cultured on these
photo-crosslinked PCLA disks for 4 days demonstrated that stiffness affected more on the cell
behaviors than surface roughness and hydrophilicity. Stiffer semi-crystalline photo-crosslinked
PCLAs induced better attachment, faster proliferation, larger spread area, stronger FAs, and better
conversion from the synthetic phenotype to the more functional contractile phenotype of SMCs.
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Chapter V. Roles of Microgroove Dimensions in Promoting Smooth Muscle Cell
Functions on Photo-crosslinked Poly(-caprolactone) Acrylate Substrates
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Abstract
This study was to clarify how microgroove dimensions affected rat aortic smooth muscle cell
(SMC) responses to microgrooved substrates of photo-crosslinked poly(-caprolactone) acrylates
(PCLAs). Using replica molding from micromachined silicon wafer templates, we fabricated
photo-cured PCLA substrates with parallel microgrooves (two groove depths of 1 and 12 m and
two groove widths of 5 and 15 m). These four types of microgrooved substrates, together with
the flat one, were used to study SMC attachment, proliferation, alignment, nuclear circularity and
distribution, focal adhesion (FA), motility/migration, and gene expression. Most of the
microgrooves did not affect SMC attachment and proliferation, while only on the microgrooved
substrate with a groove depth of 12 m and a groove width of 5 m, cell proliferation decreased
at days 2 and 4 post-seeding. The shape and distribution of SMC, as well as the shape and
distribution of cell nuclei were significantly altered by the dimensions of the microgrooved
substrates. The SMCs on the microgrooved substrates did not show clear FAs, but had higher
contractile phenotypic gene expression levels than those on the flat substrates, especially when the
groove depth was 12 m. Both substrate stiffness and microgrooves were proved to promote SMC
motility. All microgrooves regulated SMCs to migrate mainly along the groove direction. On the
microgrooved substrate with a groove depth of 12 m and a groove width of 5 m, SMC migration
speed decreased after the cells were trapped inside the microgrooves. In addition, we also found
that different culture time periods and different microgroove dimensions had no effect on the SMC
motility.
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5.1 Introduction
Cell-biomaterial interactions are crucial to the success of implants and tissue-engineering
scaffolds [1-3]. There are three major categories of surface physicochemical characteristics in
determining cell behavior: surface chemistry, surface mechanical properties, and surface
morphology [1-3]. To study how surface morphologies can be used to regulate cell-material
interactions, surface micro- and nano-patterning have been used in fabrication of biomaterial
substrates [4-14]. Cell responses to different micro- and nano-scale topographies via “contact
guidance” as the cytoskeletal arrangements are directly influenced by the surface patterns [15-26].
Among these cell behaviors, cell motility and migration were found to be significantly affected in
both the direction and speed [27-33]. Thus polymer substrates and structures that can guide and
expedite cell migration and tissue growth, and upregulate gene/protein expression could be
desirable for promoting tissue regeneration. Excessive proliferation of vascular smooth muscle cell
(SMC) is recognized as one of the characteristics for atherosclerosis [34,35]. Locally control of
the migration of vascular SMCs is crucial for the treatment of arterial occlusive disease [36,37].
Biodegradable and photo-crosslinkable polymers with excellent processability can be
fabricated into implantable two-dimensional (2D) substrates or three-dimensional (3D) scaffolds
with good biocompatibility for regulation of cellular behavior and tissue engineering applications
[38,39]. Previously in our research group, both parallel and concentric-microgrooved substrates
with various groove widths and depths of photo-crosslinked poly(-caprolactone) triacrylates
(PCLTAs) were prepared via the replica molding method using micro-machined silicon wafer
templates [21-23]. These microgrooved substrates of photo-crosslinked PCLTAs were used to
promote alignment and differentiation of mouse pre-osteoblastic MC3T3-E1 cells [21,22], rat
pheochromocytoma (PC12) cells [23], and rat Schwann cell precursor line (SPL201) cells [23].
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Without showing statistical difference in attachment and proliferation, MC3T3-E1 cell alignment
and elongation, distribution of nuclei, and mineralization were found to be better on the stiffer
substrates and narrower microgrooves with a groove width of 7.5 m and a groove depth of 10 m
[21]. The microgroove dimensions showed no effects on the PC12 and SPL201cell proliferation,
while PC12 and SPL201 cell alignment, differentiation, and SPL201 cell motility were found to
be better on the microgrooved substrates than on the flat substrates [23]. The PC12 and SPL201
cell alignment and differentiation were better on narrower microgrooves, while only SPL201 cell
alignment were improved by deeper microgrooves. Moreover, narrower and deeper microgrooves
made more SPL201 cell nuclei trapped into the grooves, and the circularity of the nuclei decreased
[23]. These previous studies supplied rationale for deliberately selecting suitable mechanical
properties and groove dimensions for the present study.
Using the same method and high-molecular-weight 4arm and 6arm PCL acrylates (PCLAs),
here I fabricated parallel-microgrooved substrates with designed groove depths of 1 and 12 m
and designed groove widths of 5 and 15 m. I directly correlated the groove dimensions with rat
aortic SMC attachment, proliferation, alignment, distribution and deformation of nuclei, focal
adhesions (FAs), and gene expression on the microgrooved substrates. Simultaneously modulated
surface stiffness and microgroove dimensions in these photo-crosslinked PCLA substrates were
also correlated with SMC in both direction and speed. The findings here could not only improve
our fundamental understanding on cell-material interactions but also provide guidance for
fabricating polymer scaffolds with appropriate mechanical properties and structural features for
cardiovascular tissue engineering applications.
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5.2 Materials and Methods
5.2.1 Materials.
Methylene chloride (CH2Cl2) was purchased from Fisher Scientific (Hampton, NH) while all
other chemicals used here were purchased from Sigma Aldrich (Milwaukee, WI) unless otherwise
noted. The polymers utilized to fabricate microgrooved substrates in this chapter were 4arm PCLA
(4arm-25k) with a number-average molecular weight (Mn) of 25,400 g/mol and a weight-average
molecular weight (Mw) of 34,500 g/mol, and 6arm PCLA (6arm-30k) with Mn of 30,600 g/mol
and Mw of 38,800 g/mol, as previously synthesized [40]. PCLA 4arm-25k, 6arm-30k, and another
4arm PCLA (4arm-7k) with Mn of 7,390 g/mol and Mw of 8,730 g/mol were used to prepare flat
substrates. Micro-fabricated silicon wafers with parallel microgrooves were prepared as templates
or molds using standard stereolithography [21-23]. The microgroove dimensions with two groove
depths of 1 and 12 m, and two groove widths of 5 and 15 m were used. The groove width was
designed to be equal to the ridge width.
5.2.2 Photo-crosslinking of PCLA flat samples and microgrooves.
Photo-initiator, phenyl bis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO, IRGACURE
819, Ciba Specialty Chemicals,

Tarrytown, NY) was

used in photo-crosslinking.

PCLA/BAPO/CH2Cl2 solution (1.5 g/15 mg/500 μL) was transferred onto the silicon molds and
photo-crosslinked under a high-intensity long-wave ultraviolet (UV) lamp (SB-100P, Spectronics
Corp., Westbury, NY, λ= 365 nm, Intensity: 4800 w/cm2) for 20 min. Photo-crosslinked PCLA
microgrooved substrates were peeled off from the silicon mold and soaked in acetone for two days
to remove the sol fraction, followed by complete drying in vacuum. Flat substrates of photocrosslinked PCLAs were prepared by transferring the polymer solution into a Teflon mold
composed of two glass plates and a Teflon spacer, and photo-crosslinked for 20 min, as I
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previously reported [40]. Both flat and microgrooved substrates of photo-crosslinked PCLAs were
sterilized in 70% ethanol solution and dried completely before the cell studies. The microgrooved
structures were characterized using scanning electron microscopy (SEM; S-3500, Hitachi
Instruments, Tokyo, Japan) at 5 kV.
5.2.3 In vitro SMC attachment, proliferation and alignment.
SMCs were cultured in a growth medium composed of Dulbecco's modified eagle medium
(DMEM; Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS;
HyClone, Thermal Scientific) and 1% penicillin/streptomycin (Gibco) in an incubator with 5%
CO2 and 95% relative humidity at 37 °C. SMCs were seeded on the flat and microgrooved
substrates at a density of 15,000 cells/cm2 and cultured for 4 h, 1, 2, and 4 days. A colorimetric
cell metabolic assay (CellTiter 96 Aqueous One Solution, Promega, Madison, WI) was performed
in each well to determine the number of attached cells, which was correlated to the UV absorbance
of the solution at 490 nm measured on a microplate reader (SpectraMax Plus 384, Molecular
Devices, Sunnyvale, CA). Cell numbers were then quantified using the standard curve that was
constructed using known cell numbers. SMCs attached on the flat and microgrooved substrates
were washed with phosphate buffered saline (PBS), fixed in 4% paraformaldehyde (PFA, Electron
Microscopy Science) solution for 10 min at room temperature, washed with PBS twice, and then
permeabilised with 0.1% Triton X-100 at room temperature for another 10 min. Cytoplasm was
then stained using rhodamine-phalloidin (RP, Cytoskeleton, Denver, CO) for 1 h at 37 °C, and cell
nuclei were stained using 4',6-diamidino-2-phenylindole (DAPI) at room temperature,
respectively. Then the cells were photographed using an Axiovert 25 light microscope (Carl Zeiss,
Germany). From the cell images, cell circularity, major/minor axis ratio, area, and perimeter on
the flat and microgrooved substrates were determined on more than 25 non-overlapping cells at

123

day 1. Cell or nuclear circularity defined by the equation of 4 × area/perimeter2 is the measure
how close a cell or nucleus is to being perfectly round, in which the circularity is 1. A cell was
considered aligned if the angle between the groove direction and the direction of the longer axis
of the cell was smaller than 15 [15]. The percentage of aligned cells in the entire cell population
was quantified from more than 100 cells at day 1. SMC nuclei circularity and distribution were
analyzed from more than 100 cells at day 4. All of these characterizations were determined using
the ImageJ software (National Institutes of Health, Bethesda, MD).
5.2.4 Focal adhesions.
After one-day culture, SMCs attached on the flat and microgrooved substrates were washed
with PBS, fixed in 4% PFA solution, washed with PBS three times, and permeabilised with 0.1%
Triton X-100 at room temperature for 10 min. Then the substrates with attached SMCs were
incubated in 1% bovine serum albumin (BSA)/PBS at 37 °C for 30 min. After being washed with
PBS three times, the substrates with attached SMCs were incubated in monoclonal mouse antibody
against vinculin (1:1000 in 1% PBS; Sigma) at room temperature for 2 h, and then washed with
PBS three times again. Then the substrates with attached SMCs were cultured with goat anti-mouse
IgG secondary antibody (1:200 in 1% PBS; Sigma) in dark at room temperature for 2 h. The
attached SMCs were also stained using RP at 37 °C for another 1 h. The FAs in SMCs on the
substrates were then photographed on a Leica DM6000B fluorescent confocal microscope (Buffalo
Grove, IL).
5.2.5 Gene expression.
Polymerase chain reaction (PCR) was used to quantify the expression levels of contractile
phenotypic markers of smoothlin, calponin, smooth muscle myosin heavy chain (SM-MHC), and
transgelin in SMCs cultured for 4 days on the flat and microgrooved substrates of photo-
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crosslinked PCLAs. Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA)
and the cDNA was synthesized by reverse transcription using DyNAmo cDNA Synthesis Kit
(Thermo Scientific, Waltham, MA). The primers for these gene markers were designed using the
Oligoperfect software, and their sequences are listed as follows. Smoothlin: forward 5'TCGGAGTGCTGGTGAATAC-3', reverse 5'-CCCTGTTTCTCTTCCTCTGG-3'; calponin:
forward

5'-AGTCTACTCTCTCTTGGCTCTGGCC-3',

reverse

5'-

forward

5'-

CCTGCCTTCTCTCAGCTTCTCAGG-3';

SM-MHC:

AAGCAGCTCAAGAGGCAG-3',

5'-AAGGAACAAATGAAGCCTCGTT-3';

transgelin:

forward

reverse

5'-GGCAGCTGAGGATTATGGAGTCACG-3',

reverse

5'-

TGGGATCTCCACGGTAGTGTCCA-3'; and house-keeping gene glyceraldehyde-3-phosphate
dehydrogenase

(GAPDH):

forward

5'-TCTTCACCACCATGGAGAA-3',

reverse

5'-

ACTGTGGTCATGAGCCCTT-3'. Expression of these gene markers was quantified through PCR
with Power SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK). The
amplification and detection process was performed on a Peltier Thermal Cycler fluorescence
detection system (MJ Research PTC-200). The software procedure was set as 94 °C for 5 min
followed by the cyclic steps of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s. The expression
levels of target gene markers were normalized to that of the GAPDH.
5.2.6 Single cell migration.
SMCs with densities of 10,000 and 5,000 cells/cm2 were first cultured on the flat substrates of
photo-crosslinked PCLA 4arm-7k and 4arm-25k, and microgrooved substrates of photocrosslinked PCLA 4arm-25k for 12 h and 2 days, respectively. Then SMCs were incubated with
fluorescent Calcein dye (Calcein AM, Invitrogen) at a concentration of 4 M for 30 min to receive
live staining and then transferred into transparent wells in a flow chamber at 37 °C. Cell migration
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was monitored real-time by tracking the same cells every 30 min using the Axiovert 25 light
microscope. The cell migration velocity was calculated for more than 100 cells on each substrate
by dividing the center-of-mass migration distance of the cell over 30 min. The migration vector of
a cell generated in 30 min was presented as a dot in an XY-diagram and characterized by its
migration distance and direction, according to literature [41].
5.2.7 Statistical analysis.
Cell studies were performed in quadruplicates for each group at each time point. All values
were expressed as mean ± standard deviation. The statistical significance (p < 0.05) in the
difference between two groups was calculated using the student’s t-test.

5.3 Results and Discussion
5.3.1 Characterization of microgrooved substrates.
Figure 5.1 shows the SEM images of four representative types of microgrooved substrates of
photo-crosslinked PCLA 4arm-25k with groove depths of 1 and 12 m, and groove widths of 15
and 5 m. Almost identical to the designed values, the actual groove depths/widths determined
from the SEM images for these four substrates were 0.9 ±0.1/16.8 ±0.5, 1.1 ±0.1/4.8 ±0.3, 12.1
±0.3/16.4 ±0.4, and 12.3 ±0.2/5.0 ±0.4 m, respectively. As photo-crosslinked PCLA 6arm-30k
had similar properties with PCLA 4arm-25k such as gel fraction (0.82 ± 0.01 for 4arm-25k and
0.90 ± 0.02 for 6arm-30k) and swelling ratio (17.9 ± 0.9 for 4arm-25k and 11.7 ± 0.8 for 6arm30k), the groove dimensions in the microgrooved substrates of photo-crosslinked PCLA 6arm-30k
were also identical to the designed values. For simplification, the four different microgrooved
substrates were named as 1-15, 1-5, 12-15, and 12-5, showing the groove depths of 1 and 12 m,
and groove widths of 15 and 5 m, respectively.
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Figure 5.1 SEM images of the microgrooves with widths of 5 and 15 m and depths of 1 and 12 m on
crosslinked 4arm-25k PCLA. Scale bar of 100 m is applicable to a, b, c and d. Scale bar of 40 m is
applicable to e, f, g and h.
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5.3.2 In vitro SMC attachment and proliferation.
As shown in Figure 5.2, no significant differences were observed in SMC numbers at all the
time points between the flat and microgrooved substrates, and among different microgrooved
substrates made from the same PCLA, with one exception. This exception was that the cell
numbers on the 12-5 microgrooved substrates for both photo-crosslinked PCLA 4arm-25k and
6arm-30k were lower at days 2 and 4 than on the other substrates, and in particular, the difference
became significant (p < 0.05) at day 4. This decreased SMC proliferation might be due to the
entrapment of cytoplasm and cell nuclei that inhibited cell spreading in deep and narrow grooves.
Although the microgrooves had limited inhibition on SMC proliferation, they significantly altered
the morphology of the cells, as shown in Figure 5.3. The SMCs cultured on the microgrooved
substrates were obviously aligned along the groove direction. Significant difference in SMC
alignment was observed between the microgrooved substrates with different groove depths. On
12-15 and 12-5 microgrooved substrates, the SMC alignments were still clear at day 4. These
experimental phenomena were associated with “contact guidance” that occurred during cell
spreading. After the cells attached to the microgrooved substrates, they started to explore their
surroundings by extending filopodia [7]. SMC circularity, major/minor axis ratio, area and
alignment analyzed from the cell images at day 1 before the cells reached confluency on both
photo-crosslinked PCLA 4arm-25k and 6arm-30k are shown in Figure 5.4. The cells on the
microgrooved substrates showed much smaller circularities than on the flat substrates. When the
groove depth was 12 m, the circularities of the cells were significantly lower than those on the
microgrooved substrates with the groove depth of 1 m. The cell circularity further decreased from
~0.35 to ~0.25 when the microgrooved substrate changed from 12-15 to 12-5, i.e., when the groove
width decreased from 15 to 5 m. The areas of SMCs on the microgrooved substrates were also
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Figure 5.2 SMC numbers at 4 h, days 1, 2, and 4 post-seeding on the microgrooved PCLA disks. *: p <
0.05 between the samples marked with the same symbol with the corresponding data on microgrooved
disks of 12 m depth and 5m width at day 4 post-seeding.
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Figure 5.3 SMCs images at days 1 and 4 post-seeding stained using RP (red) on the flat and
microgrooved PCLA disks. Scale bar of 200 m is applicable to all.
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significantly smaller than that on the flat substrate for both 4arm-25k and 6arm-30k. The cell areas
were significantly lower on the microgrooved substrates with the groove depth of 12 m than on
those with the groove depth of 1 m, while there was no significant difference between the
microgrooved substrates with the same groove depth.
Microgroove dimensions also affected both the morphology and distribution of SMC nuclei.
The fluorescent images of DAPI-stained SMC nuclei on the microgrooved substrates of photocrosslinked PCLA 4arm-25k are shown in Figure 5.5a. The average circularity of SMC nuclei and
the preference in the grooves analyzed from the images in Figure 5.5a (the images of SMC nuclei
on the microgrooved substrates of photo-crosslinked PCLA 6arm-30k are not shown) are shown
in Figures 5.5b and 5.5c, respectively. SMC nuclei were aligned along the groove direction and
had significantly lower circularities only on the 12-5 microgrooved substrates with the smaller
groove width and the groove depth larger than the nuclear diameter (~10 m) for both PCLA 4arm25k and 6arm-30k. The circularities of the cell nuclei were ~0.8 for the other three microgrooved
substrates, as either the groove width was larger or the groove depth was smaller than the nuclear
diameter. The distribution of the cell nuclei over the microgrooved substrates was critical for
analysis, and thus I further characterized the percentage of the cell nuclei trapped in the grooves.
On the 1-5 microgrooved substrates where the groove depth was only 1 m and the groove width
was smaller than the nuclear diameter, the cell nuclei were evenly distributed. Considering that the
groove width was designed to be identical to the ridge width, the percentages of cell nuclei in the
grooves on the 1-5 microgrooved substrates of both PCLA 4arm-25k and 6arm-30k were 50%.
The percentages of SMC nuclei in the grooves were ~66%, 82%, and 89% for the 1-15, 12-15, and
12-5 microgrooved PCLA 4arm-25k substrates, and ~64%, 80%, and 89% for the 1-15, 12-15, and
12-5 microgrooved PCLA 6arm-30k substrates, respectively. Similar to SMC alignment and area,
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Figure 5.5 (a) Fluorescent images of SMC nuclei stained using DAPI (blue) on the microgrooved
substrates of photo-crosslinked PCLA 4arm-25k. Scale bar of 200 m is applicable to all. SMC nuclear
circularities (b), and locations (c) at day 4 post-seeding on the microgrooved PCLA disks. *: p < 0.05
between the samples marked with the same symbol.
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the groove depth affected more than the groove width in regulating nuclear morphology and
distribution as the former varied by a larger factor of 12.
5.3.3 Focal adhesions and gene expression.
Confocal microscopic images of the FAs in the SMCs cultured for one day on the
microgrooved substrates of photo-crosslinked PCLA 4arm-25k and 6arm-30k are shown in Figure
5.6. Clear punctate FAs were seen on the microgrooved substrates with the groove depth of 1 m
for both PCLA 4arm-25k and 6arm-30k. In contrast, the FAs formed clusters on the microgrooved
substrates with the groove depth of 12 m as the cells were trapped and crowded inside the
grooves.
Real-time PCR was conducted on the SMCs cultured for 4 days on the flat and microgrooved
substrates and the mRNA expression levels of four typical contractile gene markers, i.e.,
smoothlin, calponin, SM-MHC, and transgelin were analyzed, as shown in Figure 5.7. The cells
cultured on the microgrooved substrates had higher gene expression levels than the flat ones for
both PCLA 4arm-25k and 6arm-30k, in particular, when the groove depth was 12 m. In contrast
to the effect of deep grooves, the variance in the groove width (5 m vs. 15 m) did not result in
obvious differences in gene expression. It should be noted that among all the substrates not all the
differences were significant while the differences between the flat substrates and microgrooved
substrates with the groove depth of 12 m were always significant. These results indicated that the
presence of microgrooves, especially the deeper ones, upregulated the contractile mRNA level.
5.3.4 SMC migration.
Single-cell migration of the SMCs at 12 h and day 2 post-seeding was studied on the flat
substrates of photo-crosslinked PCLA 4arm-7k and 4arm-25k and the four microgrooved
substrates of photo-crosslinked PCLA 4arm-25k. The migration vectors of the chosen cells are
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Figure 5.6 Confocal microscope images of SMC filaments and vinculin antibody stained focal adhesions.
Scale bar of 50 m is applicable to all.
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shown in Figure 5.8. The migration speeds of the cells at 12 h and day 2 are shown in Figure 5.9.
In order to avoid the overlap of cells, the cell densities used in the migration study was much lower
than the density used in studying cell attachment and proliferation. The comparison between the
two flat substrates suggested that the SMC migration favored stiffer substrates in the studied
stiffness range, as photo-crosslinked PCLA 4arm-25k with Young’s moduli (E) of 229 ± 16 MPa
was much stiffer than photo-crosslinked PCLA 4arm-7k with E of 14.0 ± 0.3 MPa at 37 °C. The
migration speeds of the SMCs on the flat substrate of photo-crosslinked PCLA 4arm-25k (~0.12
m/min) were much higher than those on the PCLA 4arm-7k counterpart (~0.07 m/min) at both
12 h and day 2. The SMC migration speed did not have vary at different culture time on both flat
substrates.
The cell motilities were much higher on the microgrooved substrates than that on the flat one
when PCLA 4arm-25k was used. At 12 h, the migration speeds (~0.14 m/min) of the SMCs did
not vary much on the microgrooved substrates with different groove widths and depths. At day 2,
the cell migration speeds (~0.15 m/min) were similar to the values at 12 h on the same
microgrooved substrates except the 12-5 one. The cell migration speed at day 2 (~0.11 m/min)
on the 12-5 microgrooved substrate was significant lower than the values on the other three
microgrooved substrates and was almost the same as that on the flat substrate made from the same
polymer, PCLA 4arm-25k. This impeded cell migration might be attributed to cell entrapment. At
12 h, the SMC nuclei were not fully trapped inside the grooves on the 12-5 microgrooved substrate
but they were at day 2. The lower cell motility was also consistent with the above-discussed lower
cell densities on the 12-5 microgrooved substrate at day 2.
The average SMC migration distances along and perpendicular to the grooves at 12 h and day
2 are shown in Figure 5.10. For the SMCs on the flat substrates, the migration distances along the

135

15

a

15

15

5

5

5

0

Y(m)

10

Y(m)

10

Y(m)

10

0

0

-5

-5

-5

-10

-10

-10

-15

-15
-15

-10

-5

0

X(m)

5

10

15

-15
-15

15

-10

-5

0

X(m)

5

10

15

15

-15

5

0

Y(m)

5

Y(m)

5

Y(m)

10

0

-5

-5

-10

-10

-10

-15

-15
0

X(m)

5

10

15

-10

-5

0

X(m)

5

10

15

15

-15

5

0

Y(m)

5

Y(m)

5

Y(m)

10

0

-5

-5

-10

-10

-10

-15

-15
5

10

15

-10

-5

0

X(m)

5

10

15

-15

5

0

Y(m)

5

Y(m)

5

Y(m)

10

0

-5

-5

-10

-10

-10

-15

-15
5

10

-5

0

X(m)

5

10

15

15

0

-5

0

15

12-5

10

X(m)

10

1-5

12-15

-5

-10

15

10

-10

5

-15
-15

15

15

-15

0

X(m)

0

-5

0

-5

1-15

10

X(m)

-10

4arm-25K flat

10

-5

15

15

4arm-7k flat

-10

10

-15
-15

15

-15

5

0

-5

-5

0

X(m)

12-5

10

-10

-5

12-15

10

-15

-10

15

1-5

b

1-15

4arm-25K flat

4arm-7K flat

-15
-15

-10

-5

0

X(m)

5

10

15

-15

-10

-5

0

X(m)

5

10

15

Figure 5.8 SMC migration on flat PCLA 4arm-7k and 4arm-25k substrates, and microgrooved PCLA
4arm-25k substrates, compared with at 12 h (a) and day 2 (b) post-seeding. The migration vector of cells
on microgrooves after 30 min expressed as a dot.

136

0.36

a

b

*

12 h

0.36
0.32

0.28

Migration speed (m/min)

Migration speed (m/min)

0.32

0.24
0.20
0.16
0.12

0.28
0.24
0.20
0.16
0.12

0.08

0.08

0.04

0.04

0.00

*

Day 2

0.00

4arm-7k 4arm-25k

1-15

1-5

12-15

12-5

4arm-7k 4arm-25k

12 h culture

12-5

1-15

1-5

12-15

2 days culture

Figure 5.9 SMC migration speeds on flat PCLA 4arm-7k and 4arm-25k substrates, and microgrooved
PCLA 4arm-25k substrates at 12 h (a) and day 2 (b) post-seeding. *: p < 0.05 between the samples
marked with the same symbol.

a

b8

8

Day 2

12 h
7

7

4arm-7k
4arm-25k
1-15
1-5
12-15
12-5

Y (m)

5
4

4arm-7k
4arm-25k
1-15
1-5
12-15
12-5

6
5

Y (m)

6

4

3

3

2

2

1

1

0

0
0

1

2

3

4
X (m)

5

6

7

8

0

1

2

3

4

X (m)

5

6

7

Figure 5.10 SMC migration directions on flat PCLA 4arm-7k and 4arm-25k substrates, and
microgrooved PCLA 4arm-25k substrates at 12 h (a) and day 2 (b) post-seeding.

137

8

X and Y directions were measured. Different from random cell migration along any direction on
the flat substrates, the cells on the microgrooved substrates mainly migrated along the groove
direction. The ratios between the migration distances along and perpendicular to the grooves were
higher than 3 for the cells on the microgrooved substrates, while the ratios were 1 for the cells on
the two flat ones.
5.3.5 Further discussion.
In this chapter, I further proved that SMC cytoskeletal and nuclear morphologies could be
affected by the microgroove dimensions, which were groove depth and width. The microgrooves
did not promote the SMC attachment and proliferation. Instead, the 12-5 microgrooved substrates
even prohibited the cell proliferation at day 4. The groove width of 5 m was smaller while the
groove depth of 12 m was larger than the diameter of SMC nuclei, making both cytoplasm and
nuclei deformed and trapped inside the grooves. Microgrooves were well reported in regulating
cell morphologies and alignment, nuclear morphologies and distribution, and gene expression [42].
Among the microgroove dimensions, the groove depth was found to be more important than the
groove width in regulating cell behaviors [42]. The aspect ratio of the surface feature, obtained by
dividing the groove depth by the groove width, was found to be a unified, general factor for
regulating human dermal fibroblast alignment and elongation [43]. A lower aspect ratio means that
the microgrooved substrate is closer to a flat one. Fibroblasts were better aligned and elongated
when the aspect ratio of the surface feature was higher, despite the variations in the cell type and
surface feature [43]. Our present results also indicated the microgrooved substrates with the higher
groove depth of 12 m (higher aspect ratios) induced better SMC alignment and elongation when
the groove width was fixed as 5 or 15 m. Similar to the cytoplasm, on the microgrooved substrates
with the groove depth of 12 m, more cell nuclei were attracted into the grooves through “contact
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guidance” and gravity. However, only on the 12-5 microgrooved substrates with the deeper and
narrower grooves, SMC nuclei were aligned and elongated, while the other microgrooved
substrates did not affect the nuclear morphology.
In this chapter, the FAs in the SMCs on the microgrooved substrates formed clusters instead
of being individual and thus were not suitable for analyzing cell adhesion. Higher mRNA levels
of contractile gene markers in SMCs appeared on the microgrooved substrates, in particular, when
the groove depth was 12 m. It has been proposed that cell alignment and cytoskeletal organization
can alter the position of chromosomes and the probability of specific gene expression through
deformation of cell nuclei [44,45]. Microgroove patterns were found to induce the differentiation
of human embryonic stem cell and human mesenchymal stem cell into the neuronal lineage
without the use of any differentiation-inducing agents [12,46] and even to regulate cell
reprograming [47].
Another focus of this chapter was to reveal the synergistic effects of substrates stiffness and
microgroove dimensions on SMC motility. The phenomenon of higher substrate stiffness
promoting cell motility was consistent with other studies on PC12 cell, SPL201 cell, normal (3T3)
and cancer (SaI/N) fibroblastic cell, bovine aortic endothelial cell, C2C12 muscle precursor cell,
and SMC [23,30,48-50]. Besides substrate stiffness, both groove width and depth were found to
be important in regulating SMC motility. Directional migration with a much higher motility was
found for the cells on the microgrooved substrates, compared with random migration without a
preferred direction of unaligned cells on the flat substrates. Previous studies also demonstrated that
microgrooves could expedite cell migration along the groove direction while inhibit transverse
movement across the grooves [51,52]. With increasing the microgroove depth, the inhibition of
migration across the grooves were more obvious, while the increase of width had less inhibition
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on the migration [51,52]. Besides the 12-5 microgrooved substrate at day 2, different aspect ratios
of the groove structures had no effects on cell migration speed or direction. The prohibition effect
of trapping SMC nuclei on cell motility was demonstrated by comparing the migration speeds at
12 h and day 2 on the 12-5 microgrooved substrate. The cell migration speeds at 12 h were similar
on all the microgrooved substrates, while the value at day 2 on the 12-5 microgrooved substrate
was significantly lower than the others. Impeded cell migration in deeper microgrooves were also
reported by other researchers, in which they found increasing groove depth could decrease the
migration speed while the variation of width had no significant influence [51,52].
Cells with a higher motility can travel over a longer distance along the microgrooves to offer
a better capability for bridging and curing the injured tissue. Peripheral nerve conduits with
microgrooves inside the inner wall was proved to promote nerve cell alignment and axonal growth
[53,54]. This chapter showed photo-crosslinked PCLA substrates with surface features such as
microgrooves can be readily fabricated for serving as an excellent platform and biomedical devices
for cardiovascular applications.

5.4 Conclusions
I fabricated a series of microgrooved substrates of photo-crosslinked PCLAs (4arm-25k and
6arm-30k) with groove depths of 1 and 12 m and groove widths of 5 and 15 m via the replica
molding method. These biodegradable microgrooved substrates, as well as the flat ones made from
the same PCLAs, were used to exam SMC attachment, proliferation, alignment, nuclear circularity
and distribution, focal adhesions, gene expression, and migration. The 12-5 microgrooved
substrates inhibited SMC proliferation at day 4 compared with the others, on which the cell
attachment and proliferation were almost identical. The microgrooves on the substrates were found
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to decrease the area, regulate the shape, and generate alignment of SMC cytoskeleton. The SMC
nuclei were elongated on 12-5 microgrooved substrates, and the distribution of SMC nuclei were
mainly located in the grooves on 1-15, 12-15, and 12-5 microgrooved substrates. The expression
levels of contractile gene markers were also elevated by the microgrooves. The groove depth was
found to be more important than the groove width in decreasing SMC area, and circularity,
regulating alignment, decreasing SMC nuclear circularity, regulating SMC nuclei distribution, and
improving contractile gene expression. SMC motility was higher on stiffer substrates when the
surface features were identical. SMC motility was promoted by the microgrooved substrates
compared with the plat ones when the same PCLA was used. The microgrooves on the substrates
also affected the direction of SMC migration by promoting the migration along the grooves and
inhibiting the migration perpendicular to the grooves. After the cells were trapped inside the
grooves on the 12-5 microgrooved substrate at day 2, the migration speed was significantly
suppressed. Except that scenario, the culture time and microgroove dimensions had limited effects
on migration speed and direction.
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Chapter VI. Biodegradable Elastomers Based on POSS-Initiated Poly(caprolactone) for Cardiovascular and Peripheral Nerve Repair
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Abstract
We used 1,2-propanediol isobutyl polyhedral oligomeric silsesquioxane (POSS) as the initiator
to synthesize POSS-poly(-caprolactone) (POSS-PCL) diols with different molecular weights
(also different POSS weight compositions) via ring-opening polymerization of -caprolactone.
Then the POSS-PCL diols were further converted to photo-crosslinkable POSS-PCL diacrylates
(POSS-PCLDAs) via acrylation in the presence of potassium carbonate (K2CO3). POSS-PCLDAs
with different POSS compositions were photo-crosslinked into networks with mechanical
properties well controlled through the crystallinity and crosslinking density, both of which were
determined by the molecular weight of PCL. Because of the steric hindrance induced by the bulky
POSS nanocage in the center of POSS-PCLDA, the crystallinities of the photo-crosslinked
networks were significantly suppressed. Networks of high-molecular-weight (> 5170 g/mol)
POSS-PCLDAs were still semi-crystalline, while the ones prepared from low-molecular-weight
POSS-PCLDAs were amorphous and demonstrated elastomeric characteristics at 37 °C. For
example, a low elastic modulus of 1.3 MPa and a reversible strain as high as 400% were achieved
when the molecular weight of POSS-PCLDA was 4650 g/mol. These novel biodegradable
elastomers were evaluated in terms of regulating primary rat aortic smooth muscle cells (SMCs)
and rat pheochromocytoma (PC12) cells for potential applications in cardiovascular and peripheral
nerve regeneration. Semi-crystalline POSS-PCLDA networks better supported SMC attachment,
proliferation, and focal adhesions than amorphous elastomeric POSS-PCLDA networks, while
there was no significant difference in SMC behaviors on the latter. In contrast, amorphous
elastomeric POSS-PCLDA networks significantly better supported PC12 cell attachment,
proliferation, and differentiation than semi-crystalline POSS-PCLDA networks. Flexible nerve
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conduits of photo-crosslinked POSS-PCLDA with smooth surfaces and uniform dimensions were
fabricated using the elastomeric POSS-PCLDA.
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6.1 Introduction
Biodegradable elastomers have attracted much attention as they can provide mechanical
properties similar to soft tissues and manufacturing flexibility [1-9]. Biomedical devices for in vivo
applications are implanted in a mechanically dynamic environment with living tissues of
elastomeric properties. Therefore, it requires biomaterials with similar elastomeric properties of
being compliant and easy to recover from high deformations [1,2]. Because of these mechanical
properties, biodegradable elastomers have better biocompatibility without causing irritation to the
surrounding tissues from stress shielding. Different elastomeric biomaterials have been developed
from both natural and synthetic polymers. Compared with the natural ones such as elastin and
collagen-like peptides, synthetic biomaterials are inexpensive, non-immunologically responsive,
thermally stable, and tailorable in structures and physicochemical properties [1,9]. A typical
synthetic elastomeric biomaterial is poly(glycerol sebacate) (PGS) that has elastic modulus (E) of
0.05-1.5 MPa and strain at break (b) up to 600% [1,10,11]. However, PGS could fully degrade in
vivo after 6-10 weeks when the injured tissues were still in the process of recovering [12]. Another
widely used synthetic elastomeric biomaterial is polyurethane (PU); however, PUs are slow in
biodegradation or unable to fully degrade [13,14].
Based on biodegradable polymers such as poly(propylene fumarate) (PPF) and poly(caprolactone) (PCL), a series of photo-crosslinkable polymers such as PPF-co-PCL [15], PCL
fumarate (PCLF) [16], and PCL acrylate (PCLA) has been synthesized and photo-crosslinked into
cytocompatible polymer substrates and structures with controllable mechanical properties and
degradation for diverse tissue engineering applications [17-20]. Among all these polymer systems,
PCL-based networks have the advantage of controllable stiffness through both crosslinking density
and crystallinity, which can be modulated using the molecular weight of PCL. However, high-
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molecular-weight PCLs result in semi-crystalline networks at body temperature and are susceptible
to permanent deformation without elastomeric recovery, while networks based on low-molecularweight PCL were too weak or too brittle and could not hold much deformation.
To modify these polymers, inorganic components such as hydroxyapatite nanoparticles
[21,22], polyhedral oligomeric silsesquioxane (POSS) [23,24], -tricalcium phosphate [25,26],
calcium sulfate [27,28] are used as fillers. POSS is a silicon-based nanocage-like molecule and has
been used to prepare hybrid systems with biodegradable polymers [29-32]. POSS with a variety
of functional groups could be copolymerized, incorporated, or even mixed with polymers to
achieve new chemical and physical properties for tissue engineering applications. In most cases,
POSS was immiscible with the polymer matrix as macrophase separation occurred when the
weight composition of POSS (POSS) was high. Phase separated systems were no longer
homogeneous and thus the POSS-rich moiety was different from the POSS-poor moiety in
properties. Usually, when POSS was higher than 20% or 30%, POSS cannot enhance the
mechanical properties of the polymer matrix any more. The heterogeneously dispersed POSS
could even be visible as the nanocomposites were no longer transparent. To homogeneously
disperse POSS in polymer matrices, one approach is to incorporate POSS into a polymer backbone
and then POSS nanocages can be separated from each other at the molecular level [33-36].
In this chapter, I used 1,2-propanediol isobutyl POSS as the initiator to synthesize POSS-PCL
with two hydroxyl end groups (POSS-PCL diols) via ring-opening polymerization (ROP) of caprolactone, the monomer. The molecular weight of POSS-PCL diol could be controlled by
varying the ratio of the monomer concentration to the initiator concentration, which was directly
related to POSS. Then POSS-PCL diols were converted to photo-crosslinkable POSS-PCL
diacrylates (POSS-PCLDAs) via acrylation in the presence of potassium carbonate (K2CO3).
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POSS-PCLDAs with a variety of POSS from 10% to 50% were crosslinked into networks with
tunable crystallinities and crosslinking densities, and thus controllable thermal and mechanical
properties. Because of the steric hindrance induced by the bulky POSS nanocages, photocrosslinked POSS-PCLDA networks with significantly suppressed crystallinities demonstrated
elastomeric characteristics such as a low E of 1.3 MPa and a reversible strain as high as 400%.
The goal of this chapter was to investigate how photo-crosslinked POSS-PCLDAs with different
POSS could be used to tailor the network properties and to regulate primary rat aortic smooth
muscle cell (SMC) and rat pheochromocytoma (PC12) cell attachment, proliferation, focal
adhesion, and differentiation. Elastomeric nerve conduits of photo-crosslinked POSS-PCLDA
with excellent flexibility and durability were then fabricated for potential applications in
cardiovascular and peripheral nerve regeneration.

6.2 Materials and Methods
6.2.1 Synthesis of POSS-PCL diols and POSS-PCLDAs.
1,2-propanediol isobutyl POSS was purchased from Hybrid Plastics (Hattiesburg, MS). The
other chemicals used here were purchased from Sigma-Aldrich (Milwaukee, WI) unless otherwise
noted. As shown in Figure 6.1a, POSS-PCL diols were synthesized via ROP of ε-caprolactone at
130 °C for 12 h in the presence of Sn(Oct)2 as the catalyst and 1,2-propanediol isobutyl POSS
(shortened as POSS) as the initiator. The POSS used in the synthesis were 10%, 20%, 30%, 40%
and 50%, and the molecular weight of POSS-PCL diol was modulated using the monomer to
initiator ratio. The POSS-PCL diol was added dropwise into diethyl ether to remove the lowmolecular-weight oligomer and the precipitate was rotary evaporated to yield a wax-like product.
Then the acylation of the POSS-PCL diols was performed in the presence of K2CO3 as the proton
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Figure 6.1 Synthesis scheme (a), and GPC curves of POSS-PCL diols (b) and POSS-PCLDAs (c). (d) 1H
NMR (300 MHz, CDCl3, reference TMS) spectra of POSS-PCL diols and POSS-PCLDAs. S = solvent.
Asterisk denotes the signals due to the residue of CH2Cl2.
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scavenger to form POSS-PCLDAs [17,37]. POSS-PCL diol, acryloyl chloride, and K2CO3 were
measured at a molar ratio of 1:3:3. POSS-PCL diol was dissolved in methylene chloride (1:2 v/v)
and placed in a 50 mL three-neck flask along with K2CO3 powder. Acryloyl chloride dissolved in
methylene chloride (1:10 v/v) was then added dropwise into the slurry of K2CO3/POSS-PCL diol
in methylene chloride. After reaction at room temperature under nitrogen for 24 h, the mixture was
filtered to remove the solids and then precipitated in diethyl ether again. The molecular weights of
POSS-PCL diols and POSS-PCLDAs were determined using gel permeation chromatography
(GPC; PL-GPC20, Polymer Laboratories) at room temperature with tetrahydrofuran as the eluent
and standard monodisperse polystyrene samples (Polymer Laboratories) for calibration. The
chemical structures of POSS-PCL diols and POSS-PCLDAs were characterized using 1H NMR
(Varian Mercury 300 spectrometer, 300 MHz) with CDCl3 containing tetramethylsilane (TMS) as
solvent.
6.2.2 Photo-crosslinking of POSS-PCLDAs.
Photo-initiator, phenyl bis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO, IRGACURE
819, Ciba Specialty Chemicals, Tarrytown, NY), was used in photo-crosslinking. 75 μL of
BAPO/CH2Cl2 (300 mg/1.5 mL) solution was mixed with POSS-PCLDA solution in CH2Cl2 (1.5
g/500 μL). The mixture was then transferred into a Teflon mold composed of two glass plates and
a Teflon spacer, and then placed under a high-intensity long-wave ultraviolet (UV) lamp (SB100P, Spectronics Corp., Westbury, NY, λ= 365 nm, Intensity: 4,800 w/cm2) for 20 min at a
distance of ~10 cm from the lamp head. I also mixed and photo-crosslinked blends of two POSSPCLDAs with POSS of 40% and 30% at weight ratios of 1:4, 2:3, 3:2, and 4:1, resulting in POSS
of 32%, 34%, 36% and 38%, respectively. Flat disks of photo-crosslinked POSS-PCLDA were
soaked in acetone for two days to remove the sol fraction, dried in vacuum, and compressed
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between two glass plates to smoothen them. The flat disks were sterilized in 70% ethanol solution
and dried completely before cell study. Nerve conduits were fabricated by transferring and photocrosslinking POSS-PCLDA with POSS of 32% precursor solutions into a mold composed of a
glass tube, a stainless steel rod, and two Teflon endcaps, as described in literature [16]. The mold
loaded with viscous polymer solution was rotated under the UV light for 20 min to facilitate
crosslinking. The nerve conduits were soaked in ethanol and acetone for four days to remove the
residue of BAPO and sol fraction, followed by complete drying in vacuum. The polymer nerve
conduit and its cross-section were examined using scanning electron microscopy (SEM, S-3500,
Hitachi Instruments, Tokyo, Japan).
6.2.3 Characterization of photo-crosslinked POSS-PCLDAs.
The gel fraction and swelling ratio of flat crosslinked POSS-PCLDAs were determined in
CH2Cl2 using the method reported by our research group [17]. The thermal properties of POSSPCL diols, POSS-PCLDAs, and photo-crosslinked POSS-PCLDAs were measured using
differential scanning calorimetry (DSC, Q2000, TA instruments, New Castle, DE). The polymer
samples were first heated from room temperature to 200 °C and then cooled to -90 °C, followed
by another heating round to 200 °C at a rate of 10 °C/min in dry nitrogen. Linear viscoelastic
properties of photo-crosslinked POSS-PCLDA disks (8 mm ×0.5 mm, diameter ×thickness) were
measured on a strain-controlled rheometer (RDS-2, Rheometric Scientific) at 37 and 60 °C.
Thermogravimetric analysis (TGA) for all the crosslinked POSS-PCLDAs was performed on a
thermal analyst (Q50, TA instruments) in flowing nitrogen at a heating rate of 20 °C/min from
room temperature to 600 °C. The tensile properties of photo-crosslinked POSS-PCLDA strips (0.5
mm × 0.8 mm × 10 mm, thickness × width × length) were tested using a dynamic mechanical
analyzer (DMA, Q800, TA instruments) at 37 °C at a strain rate of 0.005 s-1. The surface
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morphologies of the crosslinked POSS-PCLDA disks were detected using a multimode atomic
force microscope (AFM) with a Nanoscope III control system (Veeco Instruments, Santa Barbara,
CA). A tapping mode over a scan area of 20 m × 20 m at a scan rate of 0.5 Hz was used. Rootmean-square roughness (Rrms) was measured from the height images using the Nanoscope 7.30
software (Veeco Instruments, Santa Barbara, CA). Water contact angles on the crosslinked POSSPCLDA disks were determined at 37 °C using a Ramé-Hart NRC C. A. goniometer (model 10000-230) after 20 μL of distilled water (pH = 7.0) was injected onto the sample surface and
equilibrated for 30 s. A tangent method was used to measure the contact angle in degrees using the
ImageJ software (National Institutes of Health, Bethesda, MD). Three disks were used for each
photo-crosslinked POSS-PCLDA to calculate the average and standard deviation.
6.2.4 In vitro SMC attachment and proliferation.
Rat primary aortic SMCs were cultured in a growth medium composed of Dulbecco's modified
eagle medium (DMEM; Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum
(FBS; HyClone, Thermal Scientific) and 1% penicillin/streptomycin (Gibco) in an incubator with
5% CO2 and 95% relative humidity at 37 °C. SMCs were seeded onto the crosslinked POSSPCLDA disks (10 mm × 0.5 mm, diameter × thickness) at a density of 15,000 cells/cm2 and
cultured for 4 h, 1, 2, and 4 days. A colorimetric cell metabolic assay (CellTiter 96 Aqueous One
Solution, Promega, Madison, WI) was performed in each well to determine the number of attached
cells by correlating it to the UV absorbance of the solution at 490 nm measured on a microplate
reader (SpectraMax Plus 384, Molecular Devices, Sunnyvale, CA) and a standard curve
constructed using known cell numbers. SMCs attached on the photo-crosslinked POSS-PCLDA
disks were washed with phosphate buffered saline (PBS), fixed in 4% paraformaldehyde (PFA,
Electron Microscopy Science) solution for 10 min at room temperature, washed with PBS twice,
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and then permeabilized with 0.1% Triton X-100 at room temperature for another 10 min. SMC
cytoplasm was then stained using rhodamine-phalloidin (RP, Cytoskeleton Inc., Denver, CO) for
1 h at 37 °C. Then the cells were photographed using an Axiovert 25 light microscope (Carl Zeiss,
Germany), and cell areas were determined by using ImageJ and averaged over 25 non-overlapping
cells at day 1 post-seeding.
6.2.5 Characterization of focal adhesions (FAs) in SMCs.
At day 1 post-seeding, SMCs attached on the photo-crosslinked POSS-PCLDA disks were
washed with PBS, fixed in 4% PFA solution, washed with PBS three times, and permeabilized
with 0.1% Triton X-100 at room temperature for 10 min. Then the polymer disks with attached
SMCs were incubated in 1% bovine serum albumin (BSA)/PBS at 37 °C for 30 min. After being
washed with PBS three times, the polymer disks with the cells were incubated in monoclonal
mouse antibody against vinculin (1:1000 in 1% PBS; Sigma) at room temperature for 2 h, and then
washed with PBS three times again. Then the polymer disks with the cells were cultured with goat
anti-mouse IgG secondary antibody (1:200 in 1% PBS; Sigma) at room temperature in dark for 2
h. The cells were also stained using RP at 37 °C for another 1 h. The FAs were photographed on a
Leica DM6000B fluorescent confocal microscope. The density (FAs per cell), area, and elongation
(perimeter2/4 × area) of FAs were analyzed and averaged from 15 non-overlapping cells using
ImageJ.
6.2.6 In vitro PC12 cell attachment, proliferation, and differentiation.
Rat PC12 cells (CRL-1721, ATCC, Manassas, VA) were cultured in a growth medium
containing F-12K media (Gibco), 15% horse serum, 5% FBS and 1% penicillin/streptomycin in
an incubator with 5% CO2 and 95% relative humidity at 37 C. PC12 cells were seeded onto
crosslinked POSS-PCLDA disks at a density of 15,000 cells/cm2 and cultured for 4 h, 1, 4, and 7
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days. The PC12 cell numbers were determined using the same method for SMCs. For PC12 cell
differentiation, neurites were induced in a growth medium supplemented with 50 ng/mL nerve
growth factor (NGF) for 7 days. PC12 cells attached on the photo-crosslinked POSS-PCLDA disks
were fixed and permeabilized using the same method for SMCs, followed by cytoplasm staining
using RP for 1 h at 37 °C and cell nuclear staining using 4′,6-diamidino-2-phenylindole (DAPI) at
room temperature. After fluorescent cell images were taken, PC12 cell area and neurites were
analyzed and averaged from at least 100 cells using ImageJ. Neurite length, number of neurites
per cell, and percentage of differentiation (percentage of cells bearing neurites in entire cells) were
quantified. Only neurites longer than the diameter of original PC12 cells (~ 10 m) were
considered as positive neurite extension and cells with at least one neurite extension were counted
as neurite-bearing cells.
6.2.7 Statistical analysis.
Cell studies were performed in quadruplicates for each group at each time point. All
experimental values were expressed as mean ± standard deviation. The statistical significance (p
< 0.05) in the difference between two groups was obtained using the student’s t-test.

6.3 Results and Discussion
6.3.1 Structure characterization and photo-crosslinking.
The number-average molecular weights (Mns) and weight-average molecular weights (Mws)
of the POSS-PCL diols and POSS-PCLDAs determined using GPC are shown in Table 6.1, and
the GPC curves are shown in Figures 6.1b and 6.1c. The theoretical molecular weights of POSSPCL diols were calculated based on POSS, as the molecular weight was proportional to the feeding
molar ratio of the monomer to the initiator, by using the equation of MPOSS/POSS, where MPOSS is
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Table 6.1 Molecular characteristics and thermal properties of the polymers
Thermal properties
Tcc (°C)
Tm (°C)
ΔHm (J/g)

POSS Mn (g/mol) Mw (g/mol)

PDI

Tg (°C)

POSS-PCL
diol

10%
20%
30%
40%
50%

9670
6250
4620
3400
2530

13900
9640
7700
6180
4280

1.44
1.54
1.67
1.81
1.69

13.7a
-65.3 (13.9a)

27.5
24.5
18.0
11.7
88.9a

50.5 (54.4)
49.0
47.0
40.5 (89.1a)
90.9a

79.2
69.3
76.6
39.5
10.2a

65.1
60.5
52.8
40.6
-

10500
6730
5170
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1.32
1.33
1.37
1.39
1.40
1.41
1.56
1.68

-
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-7.9a

21.9
65.2a
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54.9
8.6a

53.1
-

Polymer

χc (%)

Data in parenthesis were the second peak values. a Data belonged to POSS. -: Data not detected.
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the molecular weight of POSS (950 g/mol). The theoretical molecular weights were 9500, 4750,
3160, 2380, and 1900 g/mol for the POSS-PCL diols with POSS of 10%, 20%, 30%, 40%, and
50%, respectively. The Mns determined using GPC were higher than the theoretical values as the
low-molecular-weight moiety was removed during the precipitation. The higher the molecular
weight was, the more consistent between the GPC value and the theoretical value. The
polydispersity indexes (PDIs) in Table 6.1 showed that the polymers were relatively monodisperse.
The chemical structures of the POSS-PCL diols and POSS-PCLDAs in Figure 6.1a were
confirmed using the 1H NMR spectra shown in Figures 6.1d, in which all the chemical shifts could
be well assigned to the corresponding protons in the polymer structures. The chemical shifts () at
5.7-6.5 ppm assigned to vinyl groups (-CH=CH2) could be seen in the spectra for POSS-PCLDAs
but not in those for POSS-PCL diols. Meanwhile, the chemical shift at  of 3.66 ppm ascribed to
the hydroxyl (-OH) group was significantly smaller for POSS-PCLDA. Calculated from this
chemical shift, the acrylation conversion rate was always higher than 85% for POSS-PCLDAs,
rendering their efficient photo-crosslinking. The gel fractions of crosslinked POSS-PCLDAs with
POSS of 10%, 20%, 30%, 40% and 50% were 0.83 ± 0.04, 0.85 ± 0.02, 0.88 ± 0.03, 0.92 ± 0.02,
and 0.95 ± 0.02, respectively. The corresponding swelling ratios in CH2Cl2 were 11.9 ± 1.0, 10.9
±0.8, 8.7 ±0.5, 6.1 ±0.5, and 3.1 ±0.3, respectively. The trends in these two parameters indicated
that both crosslinking efficiency and crosslinking density increased with increasing POSS and
decreasing the molecular weight. Unlike PPF-co-POSS copolymerized from condensation
previously reported in our research group [29], POSS in this chapter was the initiator for ROP and
thus there was only one POSS nanocage located in the center of each polymer chain. Meanwhile,
photo-crosslinked POSS-PCLDAs did not swell in PBS, suggesting the scaffolds made from them
can stay intact in in vivo implantation.
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6.3.2 Thermal and mechanical properties.
The DSC heating and cooling curves of POSS-PCL diols, POSS-PCLDA, and photocrosslinked POSS-PCLDAs are shown in Figures 6.2a and 6.2b. From the DSC curves, glass
transition temperature (Tg) was the midpoint temperature of the glass transition in the heating
round, the cold crystallization temperature (Tcc) was the highest peak temperature of the
exothermal peaks in the cooling round, and the melting temperature (Tm) was the highest peak
temperature of the exothermal peaks in the heating round. Crystallinity (c) can be calculated using
the equation of c = [ΔHm/(PCL·ΔHmc)] ×100%, where Hm was the heat of fusion obtained from
the exothermal peak area in the DSC curve and ΔHmc is 135 J/g for completely crystalline PCL
[38]. All the thermal properties are listed in Table 6.1 for POSS-PCL diols and POSS-PCLDAs
and Table 6.2 for crosslinked POSS-PCLDAs. The pure POSS had a small pre-melting peak at
around -10 °C and a melting peak at 173 °C [29,39]. The crystalline structure of POSS in polymer
was destroyed as POSS was incorporated into the polymer chain. The melting peaks of POSS
could only be observed in POSS-PCL diols with POSS of 40% and 50% and POSS-PCLDA with
POSS of 50%. After photo-crosslinking, the melting peaks belonging to POSS disappeared
completely in all the samples even when POSS was as high as 50% as the result of separation of
POSS nanocages and suppression of crosslinks. Before crosslinking, the Tccs and Tms of PCL for
all the polymers decreased with increasing POSS from 10% to 40%, and eventually both
crystallization peak and melting peak for PCL disappeared at POSS of 50%. Instead, there were
small melting peaks at ~85 °C for POSS-PCL diols with POSS of 40% and 50% and at ~70 °C for
POSS-PCLDA with POSS of 50% in the DSC heating curves. These peaks ascribed to the
crystalline domains of POSS were consistent with the previous findings on PPF-co-POSSs. Except
POSS-PCL diol and POSS-PCLDA with POSS of 50%, all the other polymers showed crystalline
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Table 6.2 Thermal properties and mechanical properties of crosslinked PCLAs at 37 °C
Polymer

POSS

Thermal properties

Mechanical properties

10%

-

21.8

49.5

56.8

46.3

393

115.9 ±9.5

b (%)
248 ±43

20%

-

19.6

47.6

49.7

42.9

390

76.8 ±6.2

222 ±41

27.1

30%

-61.4

-

39.6

33.9

30.6

388

51.3 ±5.5

119 ±23

1.57

Crosslinked 32%
POSS34%
PCLDA
36%

-61.4

-

37.7

30.0

28.0

388

1.3 ±0.4

435 ±49

-

-59.9

-

36.8

29.5

27.9

363

2.2 ± 0.7

384 ±64

-

-61.3

-

36.0

23.1

22.4

361

3.8 ±0.8

212 ±47

-

38%

-61.2

-

33.8

14.0

13.9

366

4.8 ±0.6

221 ±47

-

40%
50%

-59.3
-

-

29.2
-

6.5
0

6.3
0

360
375

10.8 ±2.1
16.5 ±0.9

254 ±58
42 ±13

0.90
2.53

Tg (°C) Tcc (°C) Tm (°C) ΔHm (J/g) χc (%)
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Td (°C)

E (MPa)

G (MPa)
42.7

structures of PCL and the crystallinity did not vary much between POSS-PCL diol and POSSPCLDA at the same POSS. The Tccs and Tms of PCL for photo-crosslinked POSS-PCLDAs also
decreased with increasing POSS. When POSS was higher than 30%, the crystallization peaks were
no longer visible in the DSC cooling curves. Photo-crosslinked POSS-PCLDAs were semicrystalline up to POSS of 40% in the studied range. However, photo-crosslinked POSS-PCLDAs
with lower molecular weights (or when POSS was higher than 30%) were amorphous at the
physiological temperature of 37 °C. The differences in the crosslinking density and crystallinity at
37 °C resulted in the distinct mechanical properties of photo-crosslinked POSS-PCLDAs, in
particular, when the POSS was 30% or 32%, at which the Tms were near 37 °C. Thermal stability
of photo-crosslinked POSS-PCLDA was evaluated by using TGA (Figure 6.2c), and the on-set
thermal degradation temperatures (Td) are shown in Table 6.2. POSS exhibited a lower Td of 292
°C than PCL network (~390 °C) [29,30], and could be still seen in the photo-crosslinked POSSPCLDAs with POSS higher than 30%. Thermal stabilities of the photo-crosslinked POSS-PCLDAs
decreased in Td from 393 to 360 °C with increasing POSS, consistent with the behavior of
crosslinked PPF-co-POSS copolymers and PCLTA/POSS networks reported by our groups
[29,30].
The rheological properties of photo-crosslinked POSS-PCLDAs at 37 and 60 °C were
measured using the dynamic frequency sweep mode. As shown in the Figures 6.3a-d, all curves
showed that the storage modulus (G') was much greater than the loss modulus (G") and shear
thinning occurred in the studied frequency range. All the G' curves were frequency independent,
suggesting that the networks were perfect. For the crosslinked POSS-PCLDAs that were
amorphous at both test temperatures (POSS = 30%, 40%, and 50%), both G' and viscosity (η)
showed little variance with temperature. In contrast, photo-crosslinked POSS-PCLDAs with POSS
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of 10% and 20% showed distinct sets of rheological curves at different temperatures, as they were
semi-crystalline at 37 °C but amorphous at 60 °C. Thus at 60 °C, G' increased with increasing
POSS, as the molecular weight decreased and crosslinking density increased.
Representative tensile stress-strain curves of photo-crosslinked POSS-PCLDA strips at 37 °C
are shown in Figure 6.3e with mechanical properties summarized in Table 6.2. The cyclic stressstrain curve (cycle number = 2) for photo-crosslinked POSS-PCLDA with POSS of 34% is shown
in Figure 6.3f to demonstrate the reversible elastomeric properties. Similar to photo-crosslinked
PCLAs, the E of crosslinked POSS-PCLDA was efficiently controlled by the molecular weight
because it determined both the crosslinking density and crystallinity simultaneously [17]. When
the molecular weight was high, the POSS-PCLDA network was semi-crystalline and stiffer than
the amorphous counterparts made from lower molecular weights. Photo-crosslinked POSSPCLDAs with POSS of 10%, 20%, and 30% were plastic and showed yielding during the tensile
test, while the others were elastomeric. The POSS dependences of E, Tm, and c of photocrosslinked POSS-PCLDAs are shown in Figure 6.3g. Interestingly, the E values of photocrosslinked POSS-PCLDAs with POSS of 30% and 32% were significantly different at 37 °C.
Although the compositions were similar, the E value dropped dramatically when the POSSPCLDA network became amorphous. It should be noted that photo-crosslinked POSS-PCLDA
with POSS of 30% was more likely to be amorphous on the top surface when used for culturing
cells at 37 °C although the bulk was still semi-crystalline. The semi-crystalline POSS-PCLDA
networks showed the necking phenomenon at the strain of ~20%, while the amorphous POSSPCLDA networks were elastomeric without showing the necking phenomenon, unlike amorphous
PCLA networks, which were quite brittle and had the b values of less than 35% [20]. The b values
were higher than 200% for most of the amorphous POSS-PCLDA networks except the one with
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POSS of 50%, and the elongation could recover after removing the applied force. After 1 h or at a
higher temperature (45 °C), the elongation could be fully recovered. The largest b value was 435
±49% for photo-crosslinked POSS-PCLDA with POSS of 32%.
The optical images of crosslinked POSS-PCLDA disks at 25, 37, and 60 °C were shown in
Figure 6.4a. At 25 °C, photo-crosslinked POSS-PCLDA disks with POSS lower than 34% were
opaque, indicating the disks were semi-crystalline. At 37 °C, only POSS-PCLDA disks with POSS
lower than 30% were opaque. At 60 °C, all the disks were transparent. The optical image was
consistent with the DSC data. Semi-crystalline polymer networks usually had higher surface
roughnesses because of the surface rearrangement from purification in acetone and then
crystallization. To minimize the effect of surface roughness on cell behaviors, photo-crosslinked
POSS-PCLDA disks were compressed and smoothened between two glass plates. The surface
morphologies of the disks were characterized using AFM, as shown in Figure 6.4b. The surfaces
of the photo-crosslinked POSS-PCLDA disks with POSS of 10% and 20% were still rougher than
the others, but the Rrms values were all less than 20 nm. As another important surface characteristic
that can affect cell-material interactions, surface hydrophilicity or wettability was characterized
using the water contact angles on all the photo-crosslinked POSS-PCLDA disks at 37 °C, as shown
in Figure 6.4c. The water contact angle depended on POSS in a parabolic or non-monotonic
manner. The water contact angles were 80 and 78 on the semi-crystalline photo-crosslinked
POSS-PCLDA disks with POSS of 10% and 20%, respectively. As I mentioned above, the photocrosslinked POSS-PCLDA disk with POSS of 30% actually had an amorphous surface despite the
semi-crystalline bulk, as evidenced by the lowest water contact angle of 61. Then the value
increased dramatically from 69 to 91 with further increasing POSS from 30% to 50%, as the
content of hydrophobic POSS increased.
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3D height images and (c) water contact angles of compressed crosslinked POSS-PCLDA disks.
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6.3.3 In vitro SMC attachment and proliferation.
Consistent with the previous studies [40-44], stiffer substrates of semi-crystalline POSSPCLDA networks with POSS of 10% and 20% could better support SMC attachment and
proliferation than any other samples, as shown in Figure 6.5b,c. Photo-crosslinked POSS-PCLDA
disks with POSS of 10% had higher SMC attachment and proliferation than the ones with POSS
of 20%, although only cell attachment showed significant difference. On the more compliant
photo-crosslinked POSS-PCLDA disks, SMC attachment and proliferation did not show
significant difference. Similar SMC numbers from 4 h to day 4 post-seeding were found on the
amorphous POSS-PCLDA networks, as well as photo-crosslinked POSS-PCLDA with POSS of
30%. The SMC images stained with RP shown in Figure 6.5a were consistent with the cell numbers
calculated using the MTS assay. SMC spreading followed a similar trend as the substrate stiffness
varied, as the cell spread area (~2000 m2) decreased with increasing the molecular weight for
amorphous photo-crosslinked POSS-PCLDA disks while it increased with increasing the
molecular weight for semi-crystalline ones. However, the differences were not significant among
all the samples except for photo-crosslinked POSS-PCLDA with POSS of 10%.
6.3.4 Focal adhesions in SMCs.
FAs with functional diversity serve as the anchorage of a cell and signal carriers to report the
extracellular matrix (ECM) condition to cell nucleus and the feedback in turn affects the cell
behavior [45]. The FAs in the SMCs cultured on the photo-crosslinked POSS-PCLDA disks were
characterized at day 1 post-seeding, as shown in Figure 6.6. The FA density, area, and elongation
quantified from the cell images followed a similar trend as the cell proliferation did on different
photo-crosslinked POSS-PCLDA disks. The highest FA density, area, and elongation were found
at POSS of 10% when the substrate stiffness was the highest. The FA area and elongation on photo168
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crosslinked POSS-PCLDA disks with POSS of 20% were higher than those on more compliant
disks. Among the disks with POSS of 30%, 40% and 50%, there was no significant difference in
the density, area, and elongation of FAs. The above results of SMC attachment, proliferation, and
FAs indicated that SMCs preferred the stiffer substrates.
6.3.5 In vitro PC12 cell attachment, proliferation, and differentiation.
In contrast with the results of the SMC study, neuronal-natured PC12 cell attachment,
proliferation, and differentiation all showed non-monotonic or parabolic dependences on POSS
when they were seeded and cultured on the photo-crosslinked POSS-PCLDA disks. PC12 cell
proliferation over 7 days are shown in Figure 6.7. The fluorescent images of RP-stained PC12 cells
on photo-crosslinked POSS-PCLDA disks at days 1, 4, and 7 post-seeding in Figures 6.7a
demonstrate proliferation levels. PC12 cells formed clusters on all the POSS-PCLDAs. As
reported previously, PC12 cells preferred softer substrates [46,47]. Thus PC12 attachment and
proliferation were significantly lower on photo-crosslinked POSS-PCLDA disks with POSS of
10% and 20% than on the disks with higher POSS of 30-36%. PC12 cell attachment and
proliferation did not vary much when POSS increased from 10% to 20% and the E value decreased
from 115.9 to 76.8 MPa. The effect of surface stiffness on PC12 cell behavior might be less
prominent on the substrates with E higher than a critical value. Higher surface hydrophobicity of
photo-crosslinked POSS-PCLDAs with POSS of 40% and 50% also significantly limited PC12
cell attachment and proliferation. The highest PC12 cell attachment and proliferation appeared on
the photo-crosslinked POSS-PCLDA with POSS of 30%, which had the lowest water contact angle
and the lowest E when immersed into the culture media at 37 C. With increasing POSS from
32%-36%, both E and water contact angle increased for photo-crosslinked POSS-PCLDA while
the PC12 cell number decreased without showing significant difference. The fluorescent images
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of PC12 cells were consistent with the cell numbers obtained using the MTS assay.
PC12 cell differentiation also showed a similar trend as in the cell proliferation, as shown in
Figure 6.8. Upon NGF treatment, neurite lengths were significantly higher on the photocrosslinked POSS-PCLDA disks with POSS of 30% and 32% than on the others by showing
average values of 123 and 103 m, respectively. The percentages of differentiated PC12 cells, i.e.,
the cells bearing neurites, were also significantly higher on the photo-crosslinked POSS-PCLDA
disks with POSS of 30-36% than on the photo-crosslinked POSS-PCLDA disks with POSS of 10%
and 20%. As discussed earlier on PC12 cell attachment and proliferation, higher hydrophobicity
on the disks of photo-crosslinked POSS-PCLDAs with POSS of 40% and 50% also resulted in less
PC12 cell differentiation. The above results showed the amorphous elastomeric POSS-PCLDA
networks with higher hydrophilicity and lower E could promote PC12 cell differentiation better.
6.3.6 Fabrication of nerve conduits.
Photo-crosslinking of POSS-PCLDA with POSS of 32% was efficient in fabricating nerve
conduits free of defects, as shown in Figure 6.9. The fabricated nerve conduit was transparent at
37 C and had smooth surfaces with an inner diameter of ~1.2 mm and an average thickness of
280 m. The photo-crosslinked POSS-PCLDA nerve conduit had no swelling in PBS solution, but
could slightly swell in 70% ethanol solution. The swelling in ethanol solution was helpful for
removing leachable and potentially toxic components if they existed [16,18]. Because of the
elastomeric properties at body temperature, nerve conduits made from POSS-PCLDA with POSS
of 32% had sufficient flexibility and resistance to tear during in vivo implantation. The suturability
was also excellent to satisfy the basic requirements for guiding peripheral nerve regeneration
[16,18,48].
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Figure 6.9 SEM images of (a) a crosslinked POSS-PCLDA (POSS = 32%) conduit and (b) the cross
sections.
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6.3.7 Further discussion.
In this chapter, I introduced a POSS nanocage into the PCL chain by using 1,2-propanediol
isobutyl POSS to initiate the ROP of -caprolactone. Usually, addition of POSS into a polymer
matrix can enhance thermal and mechanical properties without introducing cytotoxicity [49-52].
However, POSS nanocages started to aggregate and show phase separation at high POSS, resulting
in non-uniform properties. Therefore, POSS could be only limited to be less than 30%, leaving it
difficult to further improve the properties of the composites. Through the present method, each
POSS nanocage was located and confined in the center of a PCL chain and there was no
crystallization of POSS after crosslinking even at POSS of 50%. This finding was different from
the previous reports [33,34], in which similar methods were applied but the crystallization of POSS
was still found in the polymer networks with POSS of 34-42%. Removal of the low-molecularweight moiety in the precipitation step in this chapter might be crucial in preventing aggregation
and crystallization of POSS after crosslinking. Usually, networks made from low-molecularweight PCLs were amorphous and elastic but brittle with low values of b (<35% for PCLDA,
<80% for PCLTA, and <50% for PCLF) [16,17,20]. In contrast, networks made from highmolecular-weight PCL were elastomeric with a low E at temperatures higher than its Tm but they
became semi-crystalline and tough with significantly increased E when the temperature was lower
than its Tm. However, the Tm was usually higher than 37 °C for the networks made from highmolecular-weight PCL and thus the semi-crystalline PCL networks were not elastomeric at body
temperature. The networks made from POSS-PCLDA could not only prevent aggregation and
phase separation of POSS but also suppress the crystallization of both POSS and PCL. The bulky
POSS nanocage in the center of POSS-PCLDA in this chapter was mainly to suppress the
crystallinity of the polymer network, instead of strengthening the network. Compared with
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PCLDA networks [17], POSS-PCLDA networks could be amorphous at 37 °C even at a higher
PCL molecular weight and thus could more likely form elastomers. Specifically, photo-crosslinked
POSS-PCLDA with POSS of 32% had a low E value of 1.3 MPa and a reversible strain as high as
400% without showing the necking phenomenon.
The surface chemical, topological, and mechanical properties of biomaterials are three major
cues to affect cell-biomaterial interactions [53-55]. As surface roughness was very low and did not
vary among all the compressed disks of photo-crosslinked POSS-PCLDAs, this factor was first
ruled out. I further proved that SMC attachment and proliferation could be majorly affected by
substrate stiffness through mechanotransduction that involves integrins, FAs, and actin-myosin
associations [3,40,41,56]. Stiffer substrates can enhance integrin expression and encourage FA
maturation of some cell types such as pre-osteoblastic cells and SMCs, and thus further promote
other cell functions. However, SMC attachment and proliferation did not vary significantly for
amorphous networks although there was a slight increment in the substrate stiffness when POSS
increased from 30% to 50%. Our SMC results also indicated photo-crosslinked POSS-PCLDA
with POSS of 30% was sensed by the cells as an amorphous network in the cell culture
environment instead of a semi-crystalline network as determined using DSC. Without the
enhancement of crystalline domains, the stiffness of the POSS-PCLDA network increased with
increasing the crosslinking density that was decided by the molecular weight of PCL, which was
inversely proportional to POSS. Therefore, the E value of the surface layer of photo-crosslinked
POSS-PCLDA with POSS of 30% was much lower in the cell culture environment than that
measured in the tensile test at 37 °C, and even smaller than that of photo-crosslinked POSSPCLDA with POSS of 32%. For all these amorphous POSS-PCLDA networks, with increasing
POSS from 32% to 50%, E increased from 1.3 to 16.5 MPa and the water contact angle also
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increased greatly. A higher substrate stiffness usually improved SMC attachment and proliferation,
while a water contact angle higher than ~50°[53], i.e., lower surface hydrophilicity, hindered cell
attachment and proliferation. The decreased hydrophilicity might offset the effect of increased
substrate stiffness in regulating cell behaviors. Therefore, given the low substrates stiffness and
low hydrophilicity of these amorphous POSS-PCLDA networks, their elastomeric properties did
not benefit the SMC behaviors.
The elastomeric amorphous POSS-PCLDA networks were proved to better support PC12 cell
attachment, proliferation, and differentiation than their stiffer semi-crystalline counterparts,
confirming that more compliant substrates are more suitable for PC12 cells. As discussed earlier,
POSS-PCLDA network with POSS of 30% demonstrated elastomeric properties with the lowest
surface stiffness and highest hydrophilicity in the cell culture environment best supported PC12
cell attachment, proliferation, and differentiation. Since photo-crosslinked POSS-PCLDA with
POSS of 30% was not uniform network in the cell culture environment as the surface were
amorphous and compliant while the inner part was semi-crystalline and stiff, I choose POSSPCLDA with POSS of 32% to prepare nerve conduits. Although the elastomeric POSS-PCLDA
networks were proved to support PC12 cell attachment, proliferation and differentiation, the low
surface hydrophilicity still limited the biomedical applications. Our research group previously
reported methoxyl poly(ethylene glycol) monoacrylate (mPEGA) and photo-polymerizable
poly(L-lysine) (PLL) with one end-capped double bond [46,57,58]. These polymers could be
photo-crosslinked into hydrophobic polymer networks to improve the hydrophilicity and/or
introduce positive charge. With less than 5% of these polymers incorporating into the network, the
surface hydrophilicity and density of positive charges can be significantly improved without
changing too much on mechanical and thermal properties [46,57,58]. Further improvements of the
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POSS-PCLDA system are under investigation to explore the tissue engineering applications of
PCL-based networks.

6.4 Conclusions
POSS-PCLs with two hydroxyl end groups and different molecular weights were synthesized
with 1,2-propanediol isobutyl POSS as the initiator in the ROP of -caprolactone and further
acrylated to photo-crosslinkable POSS-PCLDAs. POSS nanocages were homogenously
incorporated into the polymer network after photo-crosslinking. The thermal and mechanical
properties of the POSS-PCLDA networks could be well controlled by POSS. Amorphous photocrosslinked POSS-PCLDAs exhibited elastomeric properties with a high strain at break without
showing the necking phenomenon. Both semi-crystalline stiff and amorphous elastomeric POSSPCLDA networks were evaluated for supporting SMC and PC12 cell attachment and proliferation,
and PC12 cell differentiation. Stiff and semi-crystalline POSS-PCLDA networks could
significantly better support SMC attachment, proliferation, spreading, and FAs than their
elastomeric amorphous counterparts, among which no significant differences were found in SMC
behaviors. In clear contrast, elastomeric amorphous POSS-PCLDA networks better supported
PC12 cell attachment, proliferation, and differentiation, showing the great promise as a potential
biomaterial for fabricating flexible nerve conduits used in guided peripheral nerve regeneration.
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Chapter VII. Epitaxial Crystallization and Surface Segregation in Modulating Preosteoblastic Cell Behavior on Polymer Substrates
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Abstract
Poly(ε-caprolactone) (PCL) and its blends with 5% and 10% polyethylene glycol (PEG) were
used to prepare crystallized polymer films on different substrates: glass, silicon (Si) and
polytetrafluoroethylene (PTFE). Both the free surface (the top surface exposed to air) and the
confined surface (the bottom surface contacting the substrate) of the crystallized polymer films
were studied in terms of roughness and hydrophilicity. Glass and Si substrates did not affect
polymer crystallization, while PTFE could induce epitaxial crystallization that resulted in much
smaller spherulites. Different surface morphologies, surface segregation of hydrophilic PEG, as
well as the different interactions with air or substrates affected mouse pre-osteoblastic MC3T3-E1
cell responses to these polymer surfaces. Polymer surfaces with regular spherulites could support
better MC3T3-E1 cell attachment, proliferation, and focal adhesions (FAs) than the surfaces with
epitaxial crystals. Addition of PEG into PCL also improved MC3T3-E1 cell attachment,
proliferation, and FAs. Free polymer surfaces on glass/Si substrates supported MC3T3-E1 cells
better than the confined surfaces, while the two sides of the polymer films crystallized on the PTEF
substrate did not differ much.
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7.1 Introduction
Cell-biomaterial interactions are crucial for the tissue engineering applications of biomaterials.
Cellular responses to the underlying substrates can be regulated by three major categories of
surface properties, such as surface chemistry, topography, and mechanical properties [1-4]. Among
these factors, surface morphological features include ordered patterns and random roughness at
both the micrometer and nanometer scales [5-11]. Compared with smooth surfaces, rough surfaces
induced by polymer crystallization can have different surface morphologies and physicochemical
properties controlled by isothermal crystallization temperature (Tc), composition, molecular
weight, and film thickness for regulating cell behaviors [12-17]. Amorphous, flat materials such
as glass and quartz are often used as substrates for polymer crystallization. When another
crystalline material is used as the substrate, epitaxial crystallization, defined as the oriented
overgrowth of a crystalline phase upon the surface of a substrate which is also crystalline, can
happen and significantly affect the morphology and crystalline structure of the polymer film on it
[18-25]. Polymers with low surface energies were also found to induce epitaxial crystallization
even when they are amorphous [19-21]. Polytetrafluoroethylene (PTFE), a semi-crystalline
polymer with a low surface energy, is often used as the substrate to induce epitaxial crystallization
of another semi-crystalline polymer.
Poly(ε-caprolactone) (PCL) is a widely used biodegradable, semi-crystalline polymer with
excellent biocompatibility and mechanical properties. Spherulites can form in pure PCL and its
miscible blends with an amorphous or semi-crystalline component at appropriate compositions
and Tcs [26-29]. Besides of the spherulites of pure PCL, PCL spherulites can also been observed
in miscible blends of PCL with polymethacrylates, poly(styrene-co-acrylonitrile), poly(vinyl
chloride), poly(vinyl methyl ether), in which the spherulites were usually banded-like [27-32]. The
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epitaxial crystallization of PCL can be induced on high-orientated high-density polyethylene
(HDPE) [33,34] and PTFE [35,36]. The epitaxial PCL crystalline structure not only occurs in the
contact layer but also from the interface into the PCL melt [33]. The epitaxial crystallization of
PCL in thin films was mainly edge-on structure at the interface, but flat-on structure with the
further grown, while in thick films the epitaxial crystallization of PCL generated a semi-periodic
lamellar twisting [34]. PCL crystalline showed different orientations on PTFE substrates, by either
minimizing the lattice mismatch between PTFE and PCL, or showing graphoepitaxial nucleation
[35]. The epitaxial PCL films on PTFE also provided ‘contact guidance’ to align smooth muscle
cells [36]. Polyethylene glycol (PEG) is also a semi-crystalline polymer and is well used in
improving surface hydrophilicity/wettability and inhibiting immunogenic activities, which are
crucial for the tissue compatibility of a material [37-40].
Although epitaxial crystallization of PCL has been well studied, how mammalian cells respond
to different morphologies resulted from epitaxial crystallization and to different interfaces, i.e., the
top surface exposed to air and the bottom surface that contacts the substrate are largely unknown.
Here I isothermally crystallized PCL and its binary blends with weight compositions of PEG
(PEG) of 5% and 10% on three different substrates, glass, silicon (Si), and PTFE, and studied on
both the top and bottom surfaces shown in Figure 7.1. Both epitaxial crystallization of PCL on
PTFE and surface segregation of PEG occurred in the blends and further influenced the top and
bottom surfaces of the crystallized film, which were reported to have different compositions and
morphologies previously [41-45]. First I present the spherulitic morphologies, root-mean-square
surface roughness (Rrms) values, and hydrophilicity of the top and bottom surfaces of the films of
PCL and PCL/PEG blends isothermally crystallized on these three substrates. Then I discuss the
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Figure 7.1 Polymer films coated on different substrates
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capabilities of these surfaces to adsorb serum proteins from cell culture media and mouse preosteoblastic MC3T3-E1 cell attachment, proliferation and focal adhesions on these surfaces.

7.2 Experimental Section
7.2.1 Film preparation and characterization.
PCL and PEG purchased from Sigma Aldrich (Milwaukee, WI). PCL had a number-average
molecular weights (Mn) of 98000 and a weight-average molecular weight (Mw) of 144000 g/mol,
and PEG had a Mn of 14500 g/mol and a Mw of 15300 g/mol. Solutions of PCL and PCL/PEG
blends with PEG of 5% and 10% were prepared by dissolving 1 g of the polymer in 10 mL of
CH2Cl2. About 100 μL of the polymer solution was drop-coated onto glass coverslips, silicon
wafers, and PTFE plates. After the polymer films on the substrates were fully dried in a vacuum
oven, they were melted at 85 °C for 5 min and quickly transferred onto a hot stage for isothermal
crystallization at 45 °C. A polarized optical microscope (POM; Nikon Optiphot-2, POL) equipped
with a Mettler Toledo FP82HT hot stage and a PixeLink digital camera was used to monitor and
record the isothermal crystallization. Morphologies of the top and bottom surfaces of the polymer
films crystallized on different substrates were characterized at room temperature using a multimode atomic force microscope (AFM) with a Nanoscope III control system (Veeco Instruments,
Santa Barbara, CA). Images over a scan area of 100 μm × 100 μm were acquired using the tapping
mode at a scan rate of 0.5 Hz. Surface topography was recorded with a standard silicon tapping tip
on a beam cantilever, and Rrms was calculated from the height profiles using the Nanoscope 7.30
software (Veeco Instruments, Santa Barbara, CA). To characterize surface hydrophilicity, water
contact angles were determined using the ImageJ software (National Institutes of Health, Bethesda,
MD) 30 s after 20 μL of distilled water (pH = 7.0) was injected onto the film surface at 37 °C using
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a Ramé-Hart NRC C.A. goniometer (Model 100-00-230, Mountain Lakes, NJ). Polymer films
were peeled off from the substrates and attached onto flat glass slips and three samples were used
for each surface to calculate the average and standard deviation.
7.2.2 Protein adsorption.
All the polymer films were washed by deionized water and exposed under ultraviolet (UV)
light for 24 h to be sterilized before protein adsorption and cell studies. Then the films were soaked
for 4 h at 37 °C in the culture medium for MC3T3-E1 cells, i.e., α-Minimum Essential Medium
(α-MEM; Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS; HyClone,
Thermal Scientific) and 1% penicillin/ streptomycin (Gibco). Then the polymer films were washed
three times using 600 μL of phosphate buffered saline (PBS) with 10 min of gentle agitation. Then
each film was immersed in 300 μL of 1% sodium dodecyl sulfate (SDS) solution for 1 h three
times. The total concentration of adsorbed serum proteins in the collected SDS solution was
determined using a MicroBCA protein assay kit (Pierce, Rockford, IL) on a microplate reader
(SpectraMax Plus 384, Molecular Devices, Sunnyvale, CA). The protein concentration was
correlated with the UV absorbance of the SDS solution at 562 nm, based on a calibration curve
constructed using solutions of albumin in the kit with known concentrations.
7.2.3 In vitro MC3T3-E1 cell attachment and proliferation.
MC3T3-E1 cell (CRL-2593, ATCC, Manassas, VA) attachment and proliferation were
examined on the top and bottom surfaces of the polymer films crystallized on different substrates.
The polymer films were attached onto the well bottom of 24-well plates using autoclaved inert
silicon-based vacuum grease (Dow Corning, Midland, MI). MC3T3-E1 cells were seeded on the
polymer films and tissue-culture polystyrene (TCPS) positive control wells at a density of ~15,000
cells/cm2. After 4 h, 1, 2, and 4 days, a colorimetric cell metabolic assay (CellTiter 96 Aqueous
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One Solution, Promega, Madison, WI) was performed in each well to obtain the number of viable
cells by correlating it to the UV absorbance of the solution at 490 nm measured on the microplate
reader, with assistance of a standard curve constructed using known cell numbers. The polymer
films with attached cells were washed twice with PBS, fixed in 4% paraformaldehyde (PFA)
solution for 10 min, and then permeabilized with 0.2% Triton X-100 for 10 min at room
temperature. The filaments in cytoplasm were stained using rhodamine-phalloidin (RP) for 1 h at
37 °C and cell nuclei were stained using 4′,6-diamidino-2-phenylindole (DAPI) at room
temperature for 5 min. Then the cells were photographed using an Axiovert 25 light microscope
(Carl Zeiss, Germany), and cell spread area was determined using ImageJ and averaged over 15
non-overlapping cells at day 1.
7.2.4 Focal adhesions (FAs) in MC3T3-E1 cells.
As described in the last paragraph, MC3T3-E1 cells were cultured on the polymer films for 24
h and fixed and permeabilized, followed by incubated in 1% bovine serum albumin (BSA)/PBS
for 1 h at 37 °C to block unspecific antibody binding sites. After being washed three times in PBS,
the cells were treated with monoclonal mouse antibody against vinculin (1:1000 in PBS; Sigma)
at room temperature with gentle shaking for 2 h, followed by washing three times with PBS again
and then incubation at 37 °C for 2 h with goat anti-mouse IgG secondary antibody (1:200 in PBS;
Sigma). The actin filaments of MC3T3-E1 cells were stained using RP at 37 °C for another 1 h
prior to photographing on a Leica DM6000B fluorescent confocal microscope (Buffalo Grove,
IL). The area, perimeter, density (defined as the number of FAs per cell) and elongation (defined
as perimeter2/4area) of the focal adhesions in MC3T3-E1 cells were determined and averaged
over 15 non-overlapping cells using ImageJ.
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7.2.5 Statistical analysis.
Protein adsorption and cell studies were performed in triplicates for each sample and each time
point, and repeated to confirm the results. The student’s t-test was performed to assess the
statistical significance (p < 0.05) of the differences in the results between any two groups.

7.3 Results and Discussion
7.3.1 Surface roughness and hydrophilicity.
To prepare polymer films with sufficient mechanical strength and steady morphologies after
detachment from the substrate and during the cell studies, the drop-coated polymer films were
much thicker than the spin-coated ones and the film thickness was controlled to be 30-40 μm using
the volume of polymer solution. PEG with a high molecular weight of 14,500 g/mol was used as
it had similar melting temperature (Tm) [46] and was miscible with PCL. Then a uniform
isothermal crystallization process could be used for both PCL and two PCL/PEG blends.
Meanwhile, this high-molecular-weight PEG embedded in hydrophobic PCL had a low leachingout rate during the cell studies. I checked the spherulitic structures under POM after immersing
the polymer films into the culture medium and PBS at 37 °C for 4 days, and did not find evident
changes compared with the original films. Thus, the PCL/PEG blends were considered stable in
the duration of 4 days for the cell studies.
The spherulitic surfaces of PCL and PCL/PEG blends crystallized on different substrates were
distinct in morphology, hydrophilicity, and roughness. As shown in the POM images in Figure
7.2, regular polymer spherulites with lamellar structures extending radially from nucleation sites
were observed when the polymers were crystallized on glass and Si substrates. In contrast,
significantly smaller spherulites were found in all the polymers crystallized on the PTFE substrate
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Figure 7.2 POM images of the spherulites on different substrates
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as the result of epitaxial crystallization. The average diameter of the polymer spherulites on the
glass and Si substrates were 180 and 160 m, respectively, while the value on the PTFE substrate
was hard to measure. In addition, there was no obvious difference between the spherulite structures
of the same polymer on the glass and Si substrates, indicating the absence of epitaxial
crystallization on these two inert, featureless inorganic substrates. The subtle differences in the
spherulite size and roughness discussed later were believed to result from the differences in the
surface roughness and wettability for glass clips and Si wafer. In contrast, the semi-crystalline
PTFE substrate could provide much more nucleation centers for the polymers to crystallize from.
Although it was impossible to monitor the real-time crystallization of the PCL and PCL/PEG
blends on the opaque PTFE substrate through POM, I observed that the crystallization process was
complete in less than 1 h, much shorter than 3-5 hours on the glass or Si substrates at the same Tc
of 45 °C.
Unlike pure PCL, the miscibility was critical for the PCL/PEG blends, especially when the two
components were semi-crystalline. PCL/PEG blends were considered as immiscible under certain
circumstances by showing biphasic constructions [47-53]. In the present chapter, no obvious phase
separation between PCL and PEG could be observed during crystallization. The result might be
attributed to the low PEG of 5% and 10%, at which the PEG chains were included within the PCL
spherulites rather than being excluded from them during isothermal crystallization. Instead of
showing biphasic spherulites, uniform spherulites with more clearly banded structures could be
seen on the glass and Si substrates when 5% or 10% PEG were added into PCL, which were also
evidence for the miscibility between the two components [52-54].
It could be observed from the AFM images in Figure 7.3 that the bottom surfaces of PCL and
PCL/PEG blends on the glass and Si substrates usually were less rough than the top surfaces. But
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for the polymer films crystallized on the PTFE substrate, the bottom surfaces were rougher than
their top surfaces and all the surfaces on the glass and Si substrates. As indicated in Figure 7.3d
and Table 7.1, the Rrms values of the polymer films on the PTFE substrate were at least two times
higher than those on the glass and Si substrates. The surface of the PTFE substrate was much
rougher than the glass and Si substrates. Moreover, the PTFE substrate used here was also semicrystalline and could induce epitaxial crystallization of PCL and PCL/PEG blends, and thus the
crystallized polymer films obviously differed from the regular spherulites. Addition of PEG
resulted in rougher films, no matter on the top or bottom surfaces when the glass and Si substrates
were used. In contrast, the differences were not significant on the PTFE substrate. The Rrms values
of the films crystallized on the glass substrate were slightly higher than those on the Si substrate.
Addition of hydrophilic PEG into more hydrophobic PCL increased the surface hydrophilicity and
thus decreased the water contact angle (4-8 degrees with increasing PEG) (Figure 7.4a, and Table
7.1) on all the surfaces of the polymer films crystallized on all the substrates. It should also be
noted that almost all the bottom surfaces were more hydrophilic than their corresponding top
surfaces, in particular, when on the glass and Si substrates.
7.3.2 Protein adsorption.
The ability to adsorb serum proteins from culture medium is important for later cell responses
to the material and it can be influenced by surface morphology, roughness, and hydrophilicity [55].
As shown in Figure 7.4b, the total amounts of adsorbed proteins on the surfaces of the polymer
films crystallized on the PTFE substrate were significantly higher than the corresponding surfaces
obtained from the glass and Si substrates, especially for the PCL/PEG blends. Addition of PEG
into PCL improved protein adsorption on the both surfaces of the polymer films, especially on the
bottom surfaces. This result was different from the previous reports that PEG could reduce protein
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Table 7.1 Surface roughnesses and water contact angles of the polymer samples
Glass
Si
PTFE
sample
Contact
Contact
Contact
Rrms (nm)
Rrms (nm)
Rrms (nm)
angle (º)
angle (º)
angle (º)
PCL
54.4 ±8.5
74 ±1
53.4 ±3.4 76 ±1
132 ±21
74 ±2
top
PCL/PEG 5% 61.4 ±7.3
70 ±1
54.2 ±3.1 72 ±1
152 ±24
70 ±1
PCL/PEG 10% 64.3 ±5.5
69 ±1
52.4 ±3.7 69 ±1
128 ±14
67 ±2
PCL
18.2 ±4.0
70 ±1
6.0 ±1.4 71 ±1
157 ±10
72 ±1
bottom PCL/PEG 5% 45.4 ±5.0
65 ±1
36.1 ±2.0 64 ±2
160 ±24
68 ±1
PCL/PEG 10% 43.6 ±3.5
63 ±1
37.1 ±2.3 64 ±1
174 ±27
68 ±1
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adsorption [56,57], because the PEG used in this chapter had a high molecular weight and
crystallized together with PCL to form an intertwined lamellar structure. The bottom surfaces of
the PCL/PEG films crystallized on the glass and Si substrates usually had similar amounts of
adsorbed serum proteins but the ones for the significantly smoother PCL films obtained from the
glass and Si substrates had much lower values of 1.25 ± 0.42 and 1.26 ± 0.20 μg/cm2, respectively.
Based on these results, the increment in protein adsorption could be attributed to rougher surfaces
with larger areas. Moreover, addition of PEG increased the surface hydrophilicity to make it easier
to wet the film surfaces in the culture media but did not prohibit protein adsorption.
7.3.3 Cell attachment and proliferation.
To explore how MC3T3-E1 cells respond to the top and bottom surfaces of the PCL and
PCL/PEG blend films crystallized from three different substrates, extensive characterizations of
cell attachment, proliferation, and focal adhesions were performed in the duration of 4 days. Figure
7.5a shows actin filaments stained with RP and nuclei stained with DAPI of MC3T3-E1 cells at
day 2 on the films. MC3T3-E1 cell attachment was monitored at 4 h post-seeding by normalizing
the cell numbers on the samples to the TCPS positive control value. As shown in Figures 7.5a and
and 7.5b, MC3T3-E1 cell attachment and proliferation over 4 days, represented by the cell
densities at 4 h, days 1, 2, and 4, were better on the top surfaces than on the bottom surface for all
these three polymer samples when the glass and Si substrates were used. In contrast, no significant
differences in the cell attachment and proliferation were found between the two surfaces and
among these three polymer samples when the PTFE substrate was used. Addition of PEG into PCL
improved MC3T3-E1 cell attachment and proliferation on all the interfaces, and the effect was
more prominent when PEG was higher, 10%. Representative fluorescence images of the MC3T3E1 cells in Figure 7.5a were consistent with the cell densities in Figure 7.5c. From the images, I
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also found that the cell spreading at day 1 quantified as cell spread areas in Figure 7.5d followed
the similar trend with the cell attachment and proliferation. When the glass and Si substrates were
used, the cell spread area did not show significant difference with an average cell area of ~2000
μm2. However, when the PTFE substrate was used, the cell areas were significantly smaller on the
top and bottom surfaces of PCL and the top surface of the PCL/PEG (PEG = 5%) films than on
the other surfaces.
7.3.4 Focal adhesions.
FAs are dynamic anchoring protein complexes mostly located at the cell periphery to provide
a structural connection between the internal cytoskeleton and the extracellular substrates [58].
Upon receiving mechanical stimulation, FAs adjust their morphology and size to form various
adhesion subtypes and simultaneously trigger signal transductions that relate to cell growth,
spreading, and migration [59,60]. The FAs in the MC3T3-E1 cells were stained green using
immunofluorescent monoclonal vinculin primary antibody and the F-actin in cytoplasm was
stained red using RP, as shown in Figures 7.6a, 7.6b and 7.6c. Compared to the bottom surfaces
when glass and Si substrates were used, on which the FAs were less dense and mainly distributed
on cell periphery, FAs on top surfaces were denser, and located both on cell periphery and inside
cell body. Increasing the PEG also caused the FA denser. FA density, area, and elongation were
quantified, as shown in Figures 7.6d, 7.6e and 7.6f. A similar trend was found in FA density and
area as in MC3T3-E1 cell attachment and proliferation. Higher FA densities and areas were
observed on the top surfaces than on the corresponding bottom surfaces when the glass and Si
substrates were used. Addition of PEG into PCL increased FA density and area on all the surfaces
and the increment was more prominent at the higher PEG of 10%. The difference in FA area was
insignificant among the surfaces when the PTFE substrate was used except the bottom surfaces of
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PCL/PEG films, on which significantly higher FA areas were found, especially at PEG of 10%.
For all the surfaces and all the substrates, FA elongation (~1.46) did not show any significant
difference.
7.3.5 Further discussion.
Epitaxial crystallization has been a method to regulate the microstructures of polymer thin
films. Nucleation during epitaxial crystallization is promoted by surfaces of foreign bodies, which
is called heterogeneous nucleation, while the nucleation during isothermal crystallization is called
homogeneous nucleation [18-25,61,62]. Owing to the special intermolecular interactions between
the overgrowth and the substrate crystal planes, the morphology, structure, and even the kinetics
of the overgrowth polymers can be controlled [18-25]. High-orientated PTFE, isotactic
polypropylene (iPP), and HDPE are commonly used to cause epitaxial crystallization [23-25,61].
To our best knowledge, for the first time three important factors were found in regulating MC3T3E1 cell behavior: epitaxial crystallization, surface segregation, and top (free)/bottom (confined)
surfaces. The significance of this chapter lies in the fact that the substrate for preparing polymer
films and different interfaces can be critical in determining the surface properties and cell-material
interactions. Without inducing epitaxial crystallization of PCL and PCL/PEG blends, glass and Si
substrates were similar in regulating the characteristics of the top and bottom surfaces and MC3T3E1 cellular responses. Unlike glass and Si substrates, the PTFE substrate induced epitaxial
crystallization, as demonstrated by the significantly smaller spherulites, which in turn significantly
affected MC3T3-E1 cell attachment, proliferation, and FAs.
Moreover, surface segregation and enrichment of PEG could occur in films at 37 °C and played
an important role in determining the cell fate. In general, a polymer with a higher mobility is liable
to appear on the top surface when it is blended with another polymer with a lower mobility
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[29,63,64]. In our previous report, for hetero-blends composed of PCL and polypropylene
fumarate (PPF) and homo-blends composed of two PCLs with molecular weights of 80k and 2k,
the high-mobility component of amorphous, low-molecular-weight, and low glass transition
temperature (Tg) PPF or the lower-molecular-weight PCL could dramatically inhibit cell
attachment and proliferation even when its composition was low [12,65]. In this chapter, both the
top and bottom interfaces of the PCL/PEG blend films could be rich of PEG at 37 °C, evidenced
by the significantly decreased water contact angle compared with the corresponding surfaces with
pure PCL on the same substrates. Meanwhile, the bottom surfaces of the PCL/PEG films showed
higher PEG enrichment, especially when glass and Si were used as the substrates, as the water
contact angles on them were much smaller than their corresponding top surfaces. When superhydrophobic PTFE was used as the substrate, the difference in the water contact angle between the
top surface and the bottom surface was smaller and the values on the bottom surfaces of the
PCL/PEG films were much higher than those ones from the glass and Si substrates. This finding
might suggest that low-surface-energy PTFE preferred to attract more hydrophobic component,
i.e., PCL, from the PCL/PEG blends.
Beside the surface segregation effect in inducing different surface hydrophilicity, I also found
that even the top and bottom surfaces of pure PCL films were different. The reason might be that,
unlike the top free interface showing a water contact angle of ~74°for high-molecular-weight PCL
[66,67], the bottom surface was confined by the substrate and this confinement might affect chain
orientation and distribution of the amorphous moiety of the polymer chain.
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7.4 Conclusions
The spherulitic top and bottom surfaces of PCL and PCL/PEG blends crystallized on the glass,
Si, and PTFE substrates have been studied. Regular spherulites were observed in the polymers
crystallized on the glass and Si substrates, while significantly smaller spherulites were found on
the PTFE substrate as the result of epitaxial crystallization. Addition of 5% or 10% PEG into PCL
resulted in more hydrophilic and rougher films, which could adsorb more serum proteins from the
culture media. The films crystallized on the PTFE substrates had rougher surfaces and better
protein adsorption. Bottom surfaces of the polymer films when glass and Si were used as substrates
had lower surface roughness, lower water contact angle and lower protein adsorption than
corresponding top surfaces. Only the top and bottom surfaces of pure PCL films had significant
difference in protein adsorption. Moreover, bottom surfaces of the polymer films when PTFE was
used as substrates were slightly rougher, and had slightly lower water contact angle and higher
protein adsorption than top surfaces. Addition of 5% or 10% PEG into PCL improved MC3T3-E1
cell attachment, proliferation, and FAs on all the surfaces. Distinct MC3T3-E1 cell attachment,
proliferation, and FAs were found on the top and bottom surfaces of the polymer films when glass
and Si were used as substrates, while there were no significant differences between the top and
bottom surfaces when PTFE was used as the substrate. MC3T3-E1 cells attached and proliferated
better, and had better FAs on the top surfaces of the polymer films crystallized on the glass and Si
substrates than those on the films crystallized on the PTFE substrate.
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Chapter VIII. Smooth Muscle Cell Responses to PHB Spherulites
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Abstract
Banded spherulites with concentric alternating succession of ridges and valleys were observed
on poly(3-hydroxybutyrate) (PHB) films when they were isothermally crystallized at certain
temperatures. Their thermal properties and surface morphology (spherulites and cracks) were
examined. The melting temperatures and crystallinity degrees did not vary much, while the surface
roughness of the spherulites was higher when crystallization temperature was higher. In vitro rat
primary aortic smooth muscle cell (SMC) attachment, proliferation, alignment and nuclear
morphologies were assessed on the hot-compressed flat films and spherulites-roughened films of
PHB. The number of attached SMCs and the proliferation rate were smaller on the rougher
surfaces, and the highest values were on the flat films. Although cracks were found on all the
spherulitic PHB films, cells only had obvious alignment along the circular cracks. Roughness and
cracks did not affect cell nuclear localization and morphology.
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8.1 Introduction
Semi-crystalline polymeric biomaterials such as poly(-caprolactone) (PCL) and poly(L-lactic
acid) (PLLA) can crystallize into non-banded and banded spherulitic surfaces for investigating
cell-substrate interactions [1-4]. Polyhydroxyalkanoates (PHAs) are a group of bioderived and
biodegradable polyesters, among which poly(3-hydroxybutyrate) (PHB) is a typical example with
a glass transition temperature (Tg) of ~0 °C, a melting temperature (Tm) of ~175 °C, and a
crystallinity of 60-90% [5-7]. Banded spherulites with regular concentric rings can be formed
when PHB is crystallized isothermally and the crystallization temperature (Tc) can greatly affect
the spherulitic morphologies and the band width in the banded structures [8-11].
Previously our research group has cultured mouse pre-osteoblastic MC3T3-E1 cells on the
PCL spherulites and found that rougher banded spherulites induced higher cell attachment and
proliferation and the peak-valley structure regulated nuclear distribution [1]. The banded
spherulites of PHB were more regular than those of PCL under polarized optical microscopy
(POM), and thus I explored to elucidate whether this advantage could be used to regulate cellular
responses in a better defined manner. Unlike PHB thick disks in literature reports [12,13], here I
used PHB thin films with controllable cracks that are liable to break and detach from their
substrates. Flat, banded spherulitic, and non-banded spherulitic morphologies were prepared at
different conditions by varying Tc and film thickness. Primary aortic smooth muscle cells (SMCs)
were used to examine their responses to these different surface morphologies of PHB films. For
the banded spherulitic morphologies, different cracks formed when the film thickness was different
and then the effect of these cracks on SMC behavior was also investigated.
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8.2 Experimental Section
8.2.1 Materials and sample preparation.
PHB was purchased from Sigma-Aldrich (Milwaukee, WI) and used as received. PHB solution
was prepared by dissolving 1 g PHB into 10 mL of chloroform at 60 °C in reflux. PHB films were
prepared by drop-casting PHB solution directly onto round glass coverslips and completely drying
in vacuum. Then PHB films were melted at 190 °C for 10 min and then quickly transferred to a
hot stage with a preset isothermal crystallization temperature (Tc = 45, 65, 80, and 90 °C). After
crystallization was finished, the PHB films were cooled down to room temperature at 1 °C/min.
The film thickness was controlled using the solution volume, which was ~25 m for the samples
crystallized at different Tcs, and ~45 m for extra thicker films crystallized at Tc of 80 and 90 °C.
Flat PHB films as the control group were prepared by compressing PHB melts between two
polyimide films at 190 °C and cooled down to room temperature naturally, and the thickness of
the flat PHB films was ~300 m.
8.2.2 Polymer characterizations.
After PHB films were completely crystallized, their Tms and crystallinities were determined
using a TA Q2000 differential scanning calorimeter (DSC), through a heating ramp from room
temperature to 200 °C at a rate of 10 °C/min in a dry nitrogen atmosphere. The crystalline
structures of the PHB films were observed using POM (Nikon Optiphot-2, POL). At least 10
spherulites for each sample were measured and averaged to obtain the bandwidths and spherulite
diameters. The surface morphologies of the polymer films were detected using a multimode atomic
force microscope (AFM) with a Nanoscope III control system (Veeco Instruments, Santa Barbara,
CA). A tapping mode over a scan area of 50 m × 50 m or 100 m × 100 m at a scan rate of
0.5 Hz was used. Root-mean square roughness (Rrms) was measured from the height images (five
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images for each sample) using the Nanoscope 7.30 software (Veeco Instruments, Santa Barbara,
CA).
8.2.3 In vitro SMC attachment, proliferation, and alignment.
Prior to cell studies, the dried PHB films were immersed in PBS for 10 min for cleaning and
exposed under UV light for 24 h for sterilization. SMCs were cultured in a growth medium
composed of Dulbecco's modified eagle medium (DMEM; Gibco, Grand Island, NY)
supplemented with 10% fetal bovine serum (FBS; Sera-Tech, Germany) and 1%
penicillin/streptomycin (Gibco) in an incubator with 5% CO2 and 95% relative humidity at 37 °C.
SMCs were seeded on the PHB films at a density of ~15000 cells/cm2 and cultured for 4 h and 1,
2, and 4 days. A colorimetric cell metabolic assay (CellTiter 96 Aqueous One Solution, Promega,
Madison, WI) was performed in each well to determine the number of attached cells by correlating
to the UV absorbance of the solution at 490 nm measured on the microplate reader (SpectraMax
Plus 384, Molecular Devices, Sunnyvale, CA). Cell numbers were then quantified using the
standard curve that was constructed using known cell numbers. The cells attached on the PHB
films were washed with PBS, fixed with 4% paraformaldehyde (PFA) solution for 10 min at room
temperature, rinsed with PBS twice, and permeabilized with 0.2% Triton X-100 solution at room
temperature for another 10 min. Cytoplasm was stained using rhodamine-phalloidin (RP) for 1 h
at 37 °C and cell nuclei were stained using 4′,6-diamidino-2-phenylindole (DAPI) at room
temperature. Then the cells were photographed using an Axiovert 25 light microscope (Carl Zeiss,
Germany). Cell areas and circularities defined as 4π × area/perimeter2 were determined by using
ImageJ software and averaged over 25 non-overlapping cells at day 1. For scanning electron
microscopy (SEM) imaging, the cells cultured on the flat PHB films and those crystallized at 80
°C (with or without circular cracks) for 1 day were fixed in 4% PFA for 10 min and rinsed with
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PBS twice. Then the films were dehydrated with gradient ethanol solutions (30%, 50%, 70%, 95%,
and 100%) for 20 min at each concentration and dried completely in vacuum. After being sputtercoated with a gold layer, the films were observed using SEM (S-3500, Hitachi Instruments, Tokyo,
Japan) at an accelerating voltage of 5 kV.
8.2.4 Gene expression.
Polymerase chain reaction (PCR) was used to quantify the expression levels of contractile
phenotypic markers of smoothlin, calponin, transgelin, and smooth muscle myosin heavy chain
(SM-MHC) in SMCs cultured for 4 days on the flat PHB films and those crystallized at 80 ºC (with
and without circular cracks). Total RNA was isolated using the RNeasy Mini Kit (Qiagen,
Valencia, CA) and the cDNA was synthesized by reverse transcription using DyNAmo cDNA
Synthesis Kit (Thermo Scientific, Waltham, MA). The primers for these gene markers were
designed using Oligoperfect software, and their sequences are listed as follows. Smoothlin:
forward 5'-TCGGAGTGCTGGTGAATAC-3', reverse 5'-CCCTGTTTCTCTTCCTCTGG-3';
calponin:

forward

5'-AGTCTACTCTCTCTTGGCTCTGGCC-3',

CCTGCCTTCTCTCAGCTTCTCAGG-3';

transgelin:

reverse

forward

5'5'-

GGCAGCTGAGGATTATGGAGTCACG-3', reverse 5'-TGGGATCTCCACGGTAGTGTCCA3';

SM-MHC:

forward

5'-AAGCAGCTCAAGAGGCAG-3',

reverse

5'-

AAGGAACAAATGAAGCCTCGTT-3'; and house-keeping gene glyceraldehyde-3-phosphate
dehydrogenase

(GAPDH):

forward

5'-TCTTCACCACCATGGAGAA-3',

reverse

5'-

ACTGTGGTCATGAGCCCTT-3'. Expression of these gene markers was quantified through PCR
with Power SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK). The
amplification and detection process was performed on a Peltier Thermal Cycler fluorescence
detection system (MJ Research PTC-200). The software procedure was set as 94 ºC for 5 min
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followed by the cyclic steps of 94 ºC for 30 s, 55 ºC for 30 s, and 72 ºC for 30 s. The expression
levels of target gene markers were normalized to that of the GAPDH.
8.2.5 Statistical analysis.
Cell studies were performed in quadruplicates for each group at each time point. All values
were expressed as mean ± standard deviation. The statistical significance (p < 0.05) in the
difference between two groups was calculated using student’s t-test.

8.3 Results and Discussion
8.3.1 Characterizations of PHB spherulites.
Figure 8.1a shows the DSC curves of the PHB samples after they were fully crystallized at
different Tc of 45, 65, 80, and 90 °C, as well as the flat one crystallized at room temperature for
determining the Tm and the heat of fusion (Hm). The crystallinity (c) of the PHB sample was
calculated using the equation of c = (Hm/Hmc) × 100%, where Hmc is 146 J/g for completely
crystalline PHB [8]. The Tms and c values were 164.8, 162.3, 162.4, 163.0, and 162.7 °C, and
66.1%, 65.2%, 64.8%, 65.3%, and 61.4% for the flat PHB and PHB films with Tc of 45, 65, 80,
and 90 °C, respectively. Both Tm and c obtained from the DSC curves did not vary much when
the sample was crystallized at different temperatures; however, the flat PHB had higher Tm and c
than other isothermally crystallized films. Normally a polymer can have a more ordered lamellar
structure with higher values of Tm and c when the crystallization is conducted slowly at a Tc
slightly lower than its Tm. In the present chapter, even the highest isothermal Tc of 90 °C was still
far below the Tm of ~175 °C and crystallization ended in a few minutes at all these four Tcs. The
slightly higher values of Tm and c for the flat PHB film might be attributed to its thicker dimension
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and processing method of hot compression between glass plates. Since all the samples had similar
crystallinities, identical density and stiffness were assumed among them in the discussion.
As demonstrated in Figure 8.1, POM was used to observe the crystalline structures of the PHB
samples crystallized at different temperatures as well as its flat film. The flat PHB sample (Figure
8.1b) and the one crystallized at 45 °C (Figure 8.1c) showed small non-banded spherulites with an
average diameter of ~40 m. In contrast, banded spherulites because of lamellar twisting were
formed on the freely crystallized samples when the Tc was 65, 80, or 90 °C with clear alternating
dark and bright concentric rings and dark Maltese crosses especially when the Tc was 80 or 90 °C,
as shown in Figures 8.1d-f [1,9,14]. The concentric rings are ridge-valley structures with a ridgeto-ridge band width or spacing that differs for different polymer types and can be regulated by the
polymer composition and Tc [15]. The inner part of the flat PHB film still showed spherulites
although the surface was smooth without typical spherulitic morphologies because of the confined
crystallization. The bandwidth and spherulite diameter for the PHB films crystallized at 65 °C
(Figure 8.1d) were 11.3 ±0.8 and ~80 m, respectively. For thin PHB films with the thickness of
~25 m crystallized at 80 and 90 °C (Figures 8.1e and 8.1f), the bandwidths were 17.5 ± 4.6, and
35.2 ±9.7 m, and the diameters of the spherulites were ~460 and 780 m, respectively. Increasing
the film thickness to ~45 m resulted in more the nucleation centers, thus reducing the spherulite
diameter significantly to ~200 and ~360 m, and meanwhile decreasing the band width slightly to
14.3 ± 2.3 and 24.5 ± 5.2 m for the PHB films crystallized at 80 and 90 °C (Figures 8.1g and
8.1h), respectively.
Crystallized PHB thin films are usually brittle with inevitable cracks. As the result of the
different radial and circumferential thermal expansion coefficients [11], there are two different
center [10]. As reported in literature, the cracks can be controlled by Tc, film thickness, substrate
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Figure 8.1 (a) DSC curves of PHB crystallized at different conditions. (b-h) POM images of the PHB
spherulites crystallized with different conditions, Tc= b: 45 °C; c: 65 °C; d: 80 °C without circular cracks;
e: 90 °C without circular cracks; g: 80 °C with circular cracks; h: 90 °C with circular cracks. Scale bar of
200 m is applicable to all images.

219

type, and spherulite size [5,7,10,11]. During the crystallization of PHB and also in the later cooling
at room temperature, small and narrow cracks grew and joined into long and wide ones. Long
radial cracks in PHB spherulites could be minimized by lowering the cooling rate to 1 °C/min.
However, circular cracks and radial cracks in the spherulite centers happened during the
crystallization, regardless of the cooling rate (Figure 8.2). Circular cracks only formed when the
spherulites were larger than a critical size (Figure 8.3), as also reported previously [7,10]. Thus,
circular cracks were only found in large PHB spherulites obtained at Tc of 80 and 90 °C and when
the film thickness was ~25 m. At Tc of 80 °C, circular cracks (solid arrowhead in Figure 8.2d)
with a length of 200-1500 m either formed whole circles in a single spherulite or joined with the
circular cracks in neighboring spherulites without being connected by radial cracks, as shown in
Figures 8.3a and 8.3c. As indicated using a hollow arrow-head in Figure 8.2d, the radial cracks
with a length of 10-50 m in the spherulite centers had a width smaller than 1.5 m and nearly did
not extend to other cracks. At Tc of 90 °C, more radial cracks with a length of 20-50 m appeared
to connect with the circular cracks that had a length of 100-500 m, as shown in Figures 8.3b and
8.3d. The width of the above-discussed cracks was ~2 m with some larger exceptions of 9 m.
The crack depth was normally smaller than the film thickness; however, a few deep cracks were
indeed developed later to break the films. The circular cracks were found to exist in both peak and
valley regions without preference and the inter-circular-crack distance was random with a range
of 30-300 m, which was different with the previous report [11].
The topographies of the PHB films were characterized using AFM, as shown in Figure 8.4.
Because the cracks were deeper than the AFM tip, I only scanned the spherulites without cracks.
The flat PHB film had a smooth surface with a Rrms value of 12.4 ± 1.9 nm. With a higher Rrms
value of 26.4 ±8.9 nm, non-banded spherulites of PHB crystallized at 45 °C displayed a typical
220

Figure 8.2 Formation of circular cracks during the crystallization process of PHB at 80 °C for (a) 30 s,
(b) 90 s, (c) 3 min, and (d) cooling down to room temperature. Scale bar of 200 m in (d) is applicable to
all images.

Figure 8.3 Circular cracks on PHB spherulites crystallized at 80 °C (a,c), and at 90 °C (b,d).
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Figure 8.4 (A) AFM images of flat PHB film, and PHB films crystallized at 45 and 65 °C. (B) AFM
images of PHB films (with and without circular cracks) crystallized at 80 and 90 °C. The scales of
unmarked images are 50 m. (C) Height curves (a, b, c, and d) were corresponding to the line in the AFM
images (B).
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lamellae radiating from the center. The surfaces of the banded spherulites were rougher and the
Rrms value increased from 39.1 ±6.5 nm for Tc of 65 °C to 70.4 ±12.8 nm for Tc of 80 °C and 75.5
± 18.3 nm for Tc of 90 °C. In absence of circular cracks, the PHB thicker films crystallized at 80
and 90 °C had lower Rrms values of 52.3 ± 6.9 and 69.4 ± 11.0 nm, respectively. In banded
spherulites, alternating concentric rings along the radial direction were evident and their
corresponding depth profiles in Figure 8.4B indicated that the peak-valley depths of ~250 or ~300
nm for the thin films with circular cracks and ~150 or ~180 nm for the thick ones without circular
cracks, when the Tc was 80 or 90 °C, respectively. Unlike PCL banded spherulites with flat-on
lamellar orientation in the valleys and the edge-on orientation in the ridges, only edge-on
orientation was found in the ridges of the PHB banded spherulites without showing clear flat-on
lamellae in the valleys, possibly because the PHB films used here were thicker than the ridgevalley depth.
8.3.2 Cell attachment, proliferation and alignment.
In order to elucidate how the spherulitic morphologies and the cracks in PHB affected the
cellular behavior, SMCs were cultured on all the above-discussed samples, i.e., the banded and
non-banded spherulites of PHB and the flat one. As shown in Figures 8.5 and 8.6, the densities of
SMCs on the flat PHB films at 4 h, days 1, 2, and 4 post-seeding were always higher than those
on the spherulitic films and the lowest value was found on the large banded spherulites with
circular cracks crystallized at 90 °C. This finding was opposite to our previous observation that
MC3T3-E1 cell proliferation was enhanced on rougher spherulitic surfaces of PCL, especially the
banded ones, as rougher surfaces resulted in larger areas and higher protein adsorption [11]. On
the other hand, the trend in SMC proliferation on the PHB films was similar to the reports that cell
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Figure 8.5 (a) Normalized SMC attachment at 4 h post-seeding on the PHB films crystallized at different
conditions. (b) SMC proliferation indicated by cell numbers at days 1, 2, and 4 post-seeding on the PHB
films crystallized at different conditions. SMC areas (c) and circularities (d) at day 1 post-seeding on PHB
films. *: p < 0.05 between two samples marked with the same symbol.
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Figure 8.6 Fluorescent images of SMCs stained with RP (red) and DAPI (blue) on the PHB films at days
1, 2, and 4 post-seeding. Scale bar of 200 m is applicable to all images.
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proliferation was slower on the rougher spherulitic surfaces of PLLA than on its quenched
amorphous and smooth counterpart [16-20]. Unlike PCL with low Tg (-60 °C) and Tm (60 °C) and
a relatively low stiffness (Young’s modulus, E = 200-300 MPa) at 37 °C, PHB (E = 1-2 GPa) and
PLLA (E = 2-5 GPa) are much stiffer [1,5,21].
The representative fluorescence images of the cells stained with RP and DAPI at days 1, 2, and
4 post-seeding in Figure 8.6 were consistent with the corresponding cell densities in Figure 8.5a
and 8.5b. Without being aligned along the circular bands or the radial lamellae, the cells grew and
spread randomly on the PHB films without circular cracks (Figures 8.6 and 8.7). Figure 8.7 showed
the merged images of cell and spherulites on PHB films with and without circular cracks
crystallized at 80 and 90 °C at day 1 post-seeding. The cells on the PHB films without circular
cracks distributed randomly and had no alignment. On the PHB films with circular cracks, it was
clearly to be seen that the cells aligned along the cracks not the bands. Although spherulites and
crack morphologies were different with different crystallization temperatures, the trend of cell
alignment did not change. On the PHB films with circular cracks, the cells were evidently aligned
along the cracks at both days 1 and 2 post-seeding, before the films were fully covered by the cells
at day 4 post-seeding. At day 1, ~73% of all the attached cells on the PHB films with circular
cracks prepared at Tc of 80 °C were aligned on the cracks, among which ~68% was caused by the
circular cracks while only ~5% by the radial cracks. This number increased to ~79% (~70% on the
circular cracks, ~9% on the radial cracks) on the films prepared at Tc of 90 °C.
As shown in Figures 8.5 c and 8.5d, the circularities and areas of the cells at day 1 varied little
(~0.5 for circularity and ~1600 m2 for cell area) on the PHB films without circular cracks;
however, the values (~0.3 for circularity and ~1200 m2 for cell area) were significantly smaller
on the PHB films with circular cracks because of the alignment along the cracks.
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Figure 8.7 SMC alignment on PHB films with and without circular cracks crystallized at 80 and 90 °C.
Scale bar of 200 m is applicable to all images.
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The surface morphologies of the SMCs on the flat PHB films and PHB films crystallized at 80
°C (with and without circular cracks) are shown in the SEM images in Figure 8.8. The peak-valley
structures of PHB banded spherulites could be roughly seen with clear cracks. The average width
of the cracks was larger than the value determined using AFM, mainly because of the further
enlargement of cracks during the ethanol treatment in SEM characterization. Compared with wellspread cells on the flat PHB films and those without circular cracks, the cells were obviously
aligned along the circular cracks.
8.3.3 Gene expression of contractile markers.
Regulation of synthetic to contractile phenotypic conversion process is of critical importance
for SMCs in cardiovascular tissue engineering [22]. Here I chose four typical contractile gene
markers, smoothlin, calponin, transgelin and SM-MHC, to evaluate phenotypic conversion in
SMCs [23]. Three representative samples, flat PHB film and those crystallized at 80 °C (with and
without circular cracks), were chosen to study the gene expression. As shown in Figure 8.9, all the
four contractile gene markers had highest expression levels in SMCs on the flat PHB films.
Meanwhile, the expression levels on the PHB films without circular cracks were slightly higher
than the values on the PHB films with circular cracks. The above gene expression results suggested
that the surface roughness formed in crystallization resulted in different phenotypic conversion in
SMCs.
8.3.4 Cell nuclear shape and distribution.
The shape and area of cell nuclei are critical for gene expression and cell functions, thus I
characterized the nuclei of SMCs on the PHB films. Unlike the results in cytoplasm, the nuclear
circularity (~0.65) and area (~160 m2) did not vary significantly among all the PHB films. The
distribution of the cell nuclei on the banded spherulites of PHB was also characterized from the
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Figure 8.8 SEM images of SMCs on the flat PHB films (a), PHB films without circular cracks
crystallized at 80 °C (b), and PHB films with circular cracks crystallized at 80 °C (c: large scale, and d:
small scale). Scale bar of 200 m is applicable to a, c, and d.
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Figure 8.9 Relative gene expression levels of four contractile gene markers of SMCs on flat PHB films,
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merged images of stained cell nuclei and their substrate background in Figure 8.10. Previously our
research group found that mouse MC3T3-E1 cells preferred (~78%) to stay in the valleys of the
banded spherulites, although not absolutely. In the present chapter, the nuclei of the SMCs also
showed preference to stay in the valleys than on the ridges. The percentages of cell nuclei located
in the valleys of the banded spherulites were just ~60% for the PHB films, regardless of the sample
differences in Tc and the presence of circular cracks. It should be noted that the width ratio between
the ridges and valleys in the banded spherulites was approximately 3:2, meaning the valleys had a
rather lower area but attracted more cell nuclei. The ridge-valley depths of <350 nm for all the
banded structures were much lower than the band widths of 17-35 m and thus the aspect ratio of
the structure was not sufficiently large for confining and aligning/distorting all the cells. In
comparison, the cracks in PHB specimens here, especially the circular cracks, affected the cells
and their nuclei more significantly.
8.3.5 Further discussion.
Aligned cytoskeleton can distort cell nuclei through mechanotransduction as the alignment of
actin structure sensitively influences intermediate filaments transferring the applied force from
actin to nuclei [25-28]. In this chapter, SMCs on the PHB films without circular cracks spread only
randomly without being affected by the surface features and thus their nuclei were not expected to
be distorted. Even for the aligned cells along the circular cracks existing on the two groups of PHB
films, their nuclei did not alter either.
The difference in Tc (45-90 °C) for preparing the PHB films in this chapter was not expected
to significantly change the mechanical properties, in particular, stiffness. PHB is known to
thermally degrade at temperatures higher than its Tm. In this chapter, the same thermal history
(melting at 190 °C for 10 min) was applied before isothermal crystallization, which happened at

231

Figure 8.10 SMC nuclear distribution at day 2 post-seeding on banded PHB spherulites with and without
circular cracks crystallized at 80 and 90 °C, respectively. Merged image of polarizing optical micrograph
as the background, and fluorescent image of DAPI-stained cell nuclei. Scale bar of 100 m is applicable
to all images.
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Tc much lower than the Tm, and thus the degree of thermal degradation in the PHB films should
be similar. Therefore, the main reason to explain the different results in SMC behavior should be
the surface features, including both the roughness and cracks. Different isothermal crystallization
temperatures resulted in spherulites with differences in the size and banded structure. Surface
roughness is believed as one important factor to regulate cell-substrate interactions, by itself or
through a synergistic way with other factors such as surface energy and protein adsorption [16,29].
As our research group noted in an earlier report [1], cell behaviors were opposite on crystallized
PCL and PLLA when the comparison was made between a hot-compressed flat surface and a freely
crystallized spherulitic film, i.e., cells usually preferred the rougher surfaces of PCL while not in
the PLLA case. Now the present chapter put PHB together with PLLA. PHB and PLLA have
similarities in their high moduli and high Tm/c. In addition, the surface roughness in this chapter
only affected SMC attachment and proliferation, but not the area or distribution of both cytoplasm
and nuclei.
To our best knowledge, this is the first time to find that cracks in the PHB films played a more
important role in aligning cytoplasm along the crack direction. At days 1 and 2 post-seeding, SMCs
preferred to attach and proliferate near the circular cracks. At day 4, SMCs migrated and
proliferated to be confluent on the whole spherulitic surfaces and thus there were unaligned cells
on the area without cracks. Compared with the banded spherulites, the deep cracks in the PHB
films had sharp edges with micrometer-scale length and width are reminiscent of the substrates
with microgrooves, in which deeper (15 m) and narrower (5 m) microgrooves could
significantly trap and align both cytoplasm and nuclei [30,31]. Except for those extended and
connected with the circular cracks, the short radial cracks in the PHB films did not affect SMC
behavior much if the cells attached there. On the PHB films crystallized at 45 and 65 °C, there
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were often no cells around or along the radial cracks. The knowledge about cellular responses to
the different PHB spherulitic substrates with variances in surface roughness, spherulitic structure,
and cracks offers better understanding in cell-material interactions and helps further explore of
using PHB in biomedical applications.

8.4 Conclusions
Banded and non-banded spherulitic surfaces of PHB prepared through isothermal
crystallization as well as the hot-compressed samples were prepared. The effect of surface
roughness and cracks on SMC behaviors was studied. SMC attachment and proliferation were
lower on the rougher spherulitic surfaces of PHB films than on the flat, compressed ones. SMCs
were aligned by the circular cracks formed in big spherulites, not by the concentric ridges in the
banded spherulites. After the circular cracks were minimized, SMCs spread randomly with a
moderately higher cell number.
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Chapter IX. Cell Responses to Poly(L-lactic acid) Banded and Non-banded
Spherulites
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Abstract
We report that spherulites-roughened poly(L-lactic acid) (PLLA) surfaces regulated cell
behaviors. Banded and nonbanded spherulites were observed on drop-coated films of PLLA binary
homoblends composed of high- and low-molecular-weight components when they were
isothermally crystallized at certain temperatures. The spherulitic patterns showed strong
dependence on the crystallization temperature (Tc), the blend composition, and the annealing
process. PLLA films with PLLA3k of 30% were found to be able to have better banded structures,
and were chosen to regulate cell behaviors. The surface roughness of these spherulites showed
parabolic trend with the Tcs. In vitro rat primary aortic smooth muscle cell (SMC), mouse preosteoblastic MC3T3-E1 cell, and rat pheochromocytoma (PC12) cell attachment and proliferation,
and PC12 cell differentiation were assessed on spherulites-roughened PLLA films. The SMCs and
MC3T3-E1 cells attachment and proliferation were better on the surfaces with less roughness.
MC3T3-E1 cells showed alignment along the radial direction on nonbanded spherulites. PLLA
spherulites coated with poly(D-lysine) showed no significant effect on PC12 cell attachment,
proliferation and differentiation. The nuclei of MC3T3-E1 cell and PC12 cell had distribution
preference by showing more nuclei located in the valleys than on the ridges.
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9.1 Introduction
Surface topography is one of the most important parameters in the cell-material interactions
[1-4]. Both pre-designed surface patterns and surface roughness affect cell behaviors, in particular,
spherulitic surfaces have been used to study the responses of cells cultured on them [5-8]. Semicrystalline poly(L-lactic acid) (PLLA) is a widely used biomaterial with a melting temperature
(Tm) of 170-180 °C and crystallinity (c) of 30-50% [9-10]. Various PLLA surface morphologies
were achieved at different crystallization conditions and cellular responses to them were examined.
Compared with the smooth amorphous surface, crystallized surfaces were rougher and the cell
growth rate on them were lower [5,11-15]. Similar results were also found in the blends of PLLA
with amorphous poly(D,L-lactic acid) (PDLLA), and PLLA-poly(-caprolactone) (PCL)
copolymers [16,17]. Moreover, different spherulitic morphologies also had different effects on cell
spreading or orientation [18-21]. Human articular chondrocytes were elongated on larger PLLA
spherulites but showed spread-stellate-like morphologies on smaller PLLA spherulites and
avoided inter-crystallite microcavities [18,19]. L929 mouse fibroblast cells were reported to
proliferate less but spread better on the quenched PLLA films with more areas of spherulites [20].
The growth rates of both mouse fibroblast 3T3-Swiss albino cells and pre-osteoblastic MC3T3-E1
cells were found to be lower on the spherulitic PLLA films than on the amorphous counterparts,
while only fibroblasts were oriented along the perimeter [21].
PCL, PLLA, and poly(3-hydroxybutyrate) (PHB) can form banded and non-banded spherulitic
surfaces at different crystallization temperatures (Tc) [6,22,23]. Banded spherulites are spherulites
with alternating concentric rings along the radial direction, which are ridge-valley structures. The
bandwidth in these banded spherulites, i.e., the spacing between two neighboring ridges, differs
for different polymer types and can be regulated by the polymer composition and Tc [24].
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Previously our research group found that MC3T3-E1 cells cultured on the PCL spherulites (in
particular, banded ones) of PCL attached and proliferated better than on the hot-compressed
surfaces and cell nuclei preferred to stay in the valley [6]. Recently I also studied the behaviors of
primary rat aortic smooth muscle cells (SMCs) on PHB spherulites and found that rougher banded
spherulites resulted in worse SMC proliferation and the circular cracks in the banded spherulites
aligned the cells [23]. Despite the earlier investigations, how spherulitic surfaces of different semicrystalline polymers (e.g., PCL vs. PHB or PLLA) affect cellular responses and how different cell
types respond to PLLA spherulitic surfaces are still unclear. In this chapter, I used PLLA with a
higher Young’s modulus E of 2-5 GPa and a higher glass transition temperature (Tg) of 55-80 °C,
compared with PCL and PHB studied earlier [6,25,26].
Unlike PCL, it is difficult for high-molecular-weight PLLA to form banded spherulites while
the spherulitic film of low-molecular-weight PLLA is unstable in water because of hydrolysis and
brittle in the presence of cracks [14,27,28]. Blending or copolymerize a semi-crystalline polymer
with an amorphous one is a commonly used method to form banded spherulites, for example, PCL
homoblends (i.e., blends of two different molecular weight but the same polymer species) and PCL
blends or copolymers with polypropylene fumarate (PPF) [6,7,29]. This strategy was also applied
in forming banded spherulites of PLLA as two different weight-average molecular weights (Mw)
of 120,000 and 1,600-2,400 g/mol [30]. Here I examined the spherulitic structures of PLLA binary
homoblends with various composition ratios and crystallization conditions. Both banded and nonbanded spherulites were formed and different bandwidths were achieved. Then these controllable
spherulitic surfaces of PLLA were used as the substrates for examining SMC, MC3T3-E1 cell,
and rat pheochromocytoma (PC12) cell responses when these three different cell types were
cultured on them.
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9.2 Experimental Section
9.2.1 Materials.
The chemicals used here were purchased from Sigma-Aldrich Co. (Milwaukee, WI) unless
otherwise noted. Two PLLAs were synthesized through ring-opening polymerization of L-lactide
[31]. As shown in Table 9.1, these two samples with number-average molecular weights (Mn) of
148000 and 2970 g/mol were named as PLLA150k and PLLA3k, respectively. Using these two
PLLA samples, homoblends with different PLLA3k weight compositions (PLLA3k) of 20%, 30%,
and 40% were prepared by dissolving 0.5 g of the blends in 10 mL of methylene chloride and dropcasting directly onto round glass coverslips, followed by complete drying in vacuum. The formed
PLLA films were first melted at 210 °C for 10 min and then directly transferred to a hot stage with
a preset Tc (110-135 °C) for isothermal crystallization, or annealed at 160 °C for 30 min before
isothermal crystallization. Crystallization time varied from 15 min to 12 h for different
compositions and Tc. Based on the solution volume used in solution casting, the obtained PLLA
films had a thickness of ~20 m. Prior to cell studies, the crystallized PLLA films were immersed
in PBS for 10 min for cleaning and exposed under UV light for 24 h for sterilization.
9.2.2 Polymer characterization.
The crystalline structures of all the PLLA films were observed using polarized optical
microscopy (POM, Nikon Optiphot-2, POL). The molecular weights of PLLA with PLLA3k of
30% (original, after melting, and after annealing) were determined using gel permeation
chromatography (GPC; PL-GPC20, Polymer Laboratories) at room temperature with
tetrahydrofuran as the eluent and standard monodisperse polystyrene samples (Polymer
Laboratories) for calibration. The surface morphologies of the PLLA films with PLLA3k of 30%
were characterized using a multimode atomic force microscope (AFM) with a Nanoscope III
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Table 9.1 Molecular weight change of the PLLA homoblends after melting and annealing process
PLLA

Mn (g/mol)

Mw (g/mol)

PDI

Mn (g/mol)

Mw (g/mol)

PDI

148000

281000

1.9

2970

3560

1.2

After melting

66300

114000

1.7

3080

4190

1.4

After annealing

53100

84100

1.6

3070

4360

1.4

Original
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control system (Veeco Instruments, Santa Barbara, CA). A tapping mode over a scan area of 50
m × 50 m or 80 m × 80 m at a scan rate of 0.25 Hz was used. Root-mean square roughness
(Rrms) was measured from the height images using the Nanoscope 7.30 software (Veeco
Instruments, Santa Barbara, CA).
9.2.3 In vitro SMC attachment and proliferation.
SMCs were cultured in a growth medium composed of Dulbecco’s modified eagle medium
(DMEM; Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS; HyClone,
Thermal Scientific) and 1% penicillin/streptomycin (Gibco, Grand Island, NY) in an incubator
with 5% CO2 and 95% relative humidity at 37 °C. SMCs were seeded on the PLLA films at a
density of ~15,000 cells/cm2 and cultured for 4 h and 1, 2, and 4 days. A colorimetric cell metabolic
assay (CellTiter 96 Aqueous One Solution, Promega, Madison, WI) was performed in each well
to determine the number of attached cells by correlating to the UV absorbance of the solution at
490 nm measured on a microplate reader (SpectraMax Plus 384, Molecular Devices, Sunnyvale,
CA). Cell numbers were then quantified using the standard curve that was constructed using known
cell numbers. Cell attachment at 4 h post-seeding was calculated through normalizing the cell
density on the sample by the value on the tissue culture well. The cells attached on the PLLA films
were washed with PBS, fixed with 4% paraformaldehyde (PFA, Electron Microscopy Science)
solution for 10 min at room temperature, rinsed with PBS twice, and permeabilized with 0.2%
Triton X-100 solution at room temperature for another 10 min. Cytoplasm was stained using
rhodamine-phalloidin (RP, Thermal Scientific) for 1 h at 37 °C. Then the cells were photographed
using an Axiovert 25 light microscope (Carl Zeiss, Germany). Based on the cell images, cell area
and circularity (defined as 4π ×area/perimeter2) were determined on more than 50 non-overlapping
cells at day 1 by using ImageJ software (National Institutes of Health, Bethesda, MD).

244

9.2.4 In vitro MC3T3-E1 cell attachment, proliferation, and alignment.
MC3T3-E1 cells were cultured in a growth medium composed of α-Minimum Essential
Medium (α-MEM; Gibco, Grand Island, NY) supplemented with 10% FBS and 1%
penicillin/streptomycin in an incubator with 5% CO2 and 95% relative humidity at 37 °C. Cells
were seeded onto the PLLA films at a density of ~15,000 cells/cm2. The MC3T3-E1 cell numbers
were determined and the cells were stained and analyzed using the same method for SMCs. Cell
alignment was quantified using the percentage of aligned cells in the total cells along the radial
direction. Cells were considered as aligned when the angle between the long axis and the radial
direction of the spherulite was smaller than 15°. MC3T3-E1 cell nuclei at day 2 post-seeding were
stained using 4′,6-diamidino-2-phenylindole (DAPI) at room temperature for photographing and
characterizing nuclear distribution.
9.2.5 In vitro PC12 cell attachment, proliferation, and differentiation.
Prior to cell studies, the sterilized PLLA films were immersed in poly(D-lysine) (PDL)
aqueous solution (100 g/mL) at 37 C for 1 h, washed with PBS three times, and then dried
completely. Rat PC12 cells were cultured in a growth medium containing F-12K media (Gibco,
Grand Island, NY), 15% horse serum, 5% FBS and 1% penicillin/streptomycin in an incubator
with 5% CO2 and 95% relative humidity at 37 C. PC12 cells were seeded onto PLLA films with
and without PDL coating at a density of 15,000 cells/cm2 and cultured for 12 h, 1, 4, and 7 days.
For differentiation, PC12 cell neurites were induced in a growth medium supplemented with 50
ng/mL NGF for 7 days. PC12 cell numbers were determined, and the cells were stained and
analyzed using the same method for SMCs. PC12 cell areas and neurites were analyzed and
averaged from at least 100 cells using ImageJ. Nuclei of PC12 cell at day 2 post-seeding were also
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stained using DAPI at room temperature and photographed for characterization of nuclear
distribution.
9.2.6 Statistical analysis.
Cell studies were performed in quadruplicates for each group at each time point. All values
were expressed as mean ± standard deviation. The statistical significance (p < 0.05) in the
difference between two groups was calculated using student’s t-test.

9.3 Results and Discussion
9.3.1 Characterizations of PLLA spherulites.
The crystalline structures of the PLLA binary homoblends were observed using POM, as
demonstrated in Figure 9.1. The spherulitic patterns varied with Tc and the blend composition, as
well as the annealing process. PLLA150k and PLLA3k had different crystallization temperature
ranges, and the binary homoblends with different compositions showed distinct crystalline
structures. Banded spherulites with clear alternating dark and bright concentric rings were unable
to form when PLLA3k in the PLLA homoblends was lower than 20% or higher than 40%. The
average bandwidths of the PLLA banded spherulites with PLLA3k of 20%, 30%, and 40% are
shown in Table 9.2. The bandwidth increased with increasing Tc, and annealing at 160 °C for 30
min increased both the spherulite size and the bandwidth. Among these three compositions,
spherulites with clearer banded structures were observed at higher PLLA3k; however, the films
were more brittle. Thus, PLLA3k of 30% were chosen to prepare PLLA substrates for regulating
cell behaviors. In the banded spherulites in Figure 9.1, the bright bands were ridges, the dark bands
were valleys, and their width ratios were ~3:2.
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Figure 9.1 POM images of the PLLA spherulites prepared under different crystallized temperatures. (a)
Without annealing at 160 °C. (b) Annealing at 160 °C.

Table 9.2 Band widths (m) of the PLLA spherulites prepared under different Tcs.
a: annealing at 160 °C. -: samples not prepared.
PLLA3k

110 °C

115 °C

120 °C
a

123 °C

125 °C

128 °C

130 °C

20%

-

-

33.8 (39.2 )

-

48.0

89.1

116.2

30%

-

31.7a

41.0 (51.5a)

65.9a

67.7

110.8

167.5

40%

24.1

29.4

48.1 (50.3a)

-

102.6

-

-
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To prepare banded spherulites with clear peak-valley structures, Tcs of 115, 120, and 123 °C
were used with annealing before isothermal crystallization. The PLLA films crystallized at 135 °C
(Figure 9.1b) showed large non-banded spherulites (~1400 m, diameter), while the average
diameters of the banded spherulites were ~450, 600, and 700 m at Tc of 115, 120, and 123 °C,
respectively. Cracks occurred only to non-banded spherulites in both radial and circular directions.
PLLA thermal degradation at temperatures higher than Tm was characterized using the changes
in the molecular weights before and after the melting and annealing processes, as shown in Table
9.1. The PLLA150k in the homoblends degraded dramatically after the melting and the molecular
weight further decreased after the annealing process. The molecular weight of the lower-molecular
weight component, PLLA3k, in the homoblends seemingly increased as PLLA150k degraded into
shorter chains that had higher molecular weights than that of PLLA3k. After thermal degradation,
the polydispersity index (PDI) of PLLA150k decreased while that of PLLA3k increased slightly.
The topographies of the PLLA films were characterized using AFM, as shown in Figure 9.2.
The banded structures were seen in the AFM height images in Figure 9.2a. The surface roughness
(Rrms) values of the PLLA films prepared at Tc of 115, 120, 123, and 135 °C were 66.6, 87.2, 83.5,
and 76.8 nm, respectively. In the PLLA banded spherulites, alternating concentric rings along the
radial direction were evident (Figure 9.2a). Their corresponding depth profiles in Figure 9.2b
indicated that the peak-valley depths were ~710, 870, and 900 nm at Tc of 115, 120, and 123 °C,
respectively. The AFM images in Figure 9.2c and 9.2d demonstrated the marked valley (or dark)
and peak (or bright) areas in PLLA spherulites crystallized at 115 °C. Distinct difference could be
seen in these two areas, as the edge-on orientation of lamellae was dominant in the peak area while
the flat-on orientation was found in the valley area. This finding was also reported in PCL banded
spherulites [6,24].
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Figure 9.2 AFM images of PLLA (PLLA3k = 30%) spherulites with different Tcs. (a) Height images of the
spherulites. (b) Height curves corresponding to the lines in (a). Height and phase images of valley (c) and
ridge (d) in (a). Scale bar of 2 m is applicable to all images in (c) and (d).
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9.3.2 Cellular responses to PLLA spherulites.
To elucidate how the PLLA spherulitic morphologies affect cellular behavior and compare
with the literature findings, three different cell types (i.e., SMCs, MC3T3-E1 cells, and PC12 cells)
were cultured on the banded and non-banded spherulites of the PLLA films. Fluorescent images
of SMCs on the PLLA spherulites are shown in Figure 9.3. As shown in Figures 9.3b and 9.3c, the
densities of SMCs on the PLLA films crystallized at 120 °C were always lower than those on the
other PLLA films at all the time points (4 h and days 1, 2, and 4), although the normalized cell
attachment at 4 h showed no significant difference among all the samples. The trend in cell
densities with increasing Tc was opposite to that in Rrms and the highest cell densities appeared on
the non-banded spherulites crystallized at 135 °C. Representative fluorescence images of the
SMCs stained with RP in Figures 9.3a were consistent with the cell densities in Figure 9.3c.
Despite the significantly different cell proliferation, the circularity and area of the SMCs at day 1
varied little (~0.55 for circularity and ~2400 m2 for cell area) on all the PLLA films.
MC3T3-E1 cell images, attachment, and proliferation on the banded and non-banded
spherulites of the PLLA films are shown in Figure 9.4. Similar to SMCs discussed above, the
densities of MC3T3-E1 cells in Figures 9.4b and 9.4c also were the lowest on the roughest PLLA
films at all the time points. However, except this film, MC3T3-E1 cell attachment and proliferation
were not significantly different among the other three PLLA films. Representative fluorescence
images of the MC3T3-E1 cells stained with RP are shown in Figures 9.4a. Unlike SMCs, MC3T3E1 cells were aligned along the radial directions on the non-banded PLLA film, and over 35% of
the cells were aligned at day 1. However, this cell alignment did not result in significant differences
in cell circularity and cell area, which were around ~0.51 and 3000 m2, respectively. PC12 cells
are neuronal-like cells that can respond to NGF by growing neurites and serve as an excellent
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Figure 9.3 (a) SMC images at days 1, 2, and 4 post-seeding stained using RP (red) on PLLA spherulites.
Scale bar of 200 m is applicable to all. (b) Normalized SMC attachment at 4 h post-seeding. (c) SMC
numbers at days 1, 2, and 4 post-seeding. *, ^: significantly smaller (p < 0.05) than the corresponding data
on the other samples. #: p < 0.05 between the samples marked with the same symbol.
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Figure 9.4 (a) MC3T3-E1 cell images at days 1, 2, and 4 post-seeding stained using RP (red) on PLLA
spherulites. Scale bar of 200 m is applicable to all. (b) Normalized MC3T3-E1 cell attachment at 4 h
post-seeding. (c) MC3T3-E1 cell numbers at days 1, 2, and 4 post-seeding. *: significantly smaller (p <
0.05) than the corresponding data on the other samples.
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model for studying cell signaling and neuronal communication [32]. Different from SMCs and
MC3T3-E1 cells, PC12 cells could hardly attach on the pristine PLLA films. Figure 9.5 showed
PC12 cell images, attachment, proliferation, and NGF-induced differentiation on the banded and
non-banded spherulites of the PDL-coated PLLA films. There was no significant difference in
PC12 cell attachment and proliferation among all the PDL-coated PLLA films. Representative
fluorescence images of the PC12 cells stained with RP in Figure 9.5a also indicated similar cell
densities on the PLLA films, and the cell area and circularity (~0.78 for circularity and ~150 m2
for cell area) had no difference among different PLLA films. PC12 cell differentiation or neurite
extension was quantified using the average neurite length, percentage of differentiated cells, and
number of neurites per cell. Most of these parameters had no significant differences, except the
neurite number was lower on the PLLA film crystallized at 115 °C than those on the other films.
Besides that, the neurites grew randomly along all directions without showing any preference
along the ridge/groove or the radial direction.
9.3.3 Cell nuclear shape and distribution.
The shape and area of cell nuclei are critical for gene expression and cell functions, thus I
characterized the nuclei of MC3T3-E1 cells and PC12 cells on the PLLA films. The nuclear
circularity (~0.71 for MC3T3-E1 cells and ~0.82 for PC12 cells) and area (~240 m2 for MC3T3E1 cells and ~75 m2 for PC12 cells) did not vary significantly among all the PLLA films. The
nuclear distribution of the MC3T3-E1 cells and PC12 cells on the banded spherulites of PLLA
was characterized from the merged images of DAPI-stained cell nuclei and their substrate
background in Figure 9.6. In contrast with the nuclei shape and area, the nuclei of the MC3T3-E1
cells and PC12 cells preferred to stay in the valleys than on the ridges. The percentages of MC3T3E1 cell nuclei located in the valleys of the banded spherulites were ~60%, 62%, and 65% for the
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Figure 9.5 (a) PC12 cell images at days 1, 4, and 7 post-seeding, and differentiation images at day 7 postseeding stained using RP (red) on PLLA spherulites. Scale bar of 200 m is applicable to all images. (b)
Normalized PC12 cell attachment at 4 h post-seeding. (c) PC12 cell numbers at days 1, 4, and 7 postseeding. (d) Quantification of PC12 neurites at day 7 post-seeding using the neurite lengths, percentage of
differentiated cells, and number of neurites per cell. *: significantly lower (p < 0.05) than the other
samples.
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Figure 9.6 MC3T3-E1 and PC12 cell nuclear distribution at day 2 post-seeding on banded PLLA
spherulites with different crystallization temperatures. Merged image of polarizing optical micrograph as
the background, and fluorescent image of DAPI-stained cell nuclei. Scale bar of 150 m is applicable to
images of MC3T3-E1 cells, and 100 m to images of PC12 cells.
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PLLA films crystallized at 115, 120, and 123 °C, respectively. The percentages of PC12 cell nuclei
located in the valleys of the banded spherulites were ~54%, 56%, and 58% for the PLLA films at
Tc of 115, 120, and 123 °C, respectively. As mentioned earlier, the valleys had lower areas (ridgevalley area ratio of 3:2) than the ridges but attracted more cell nuclei.
9.3.4 Further discussion.
PLLA is known to degrade thermally at temperatures higher than its Tm [33]. In this chapter,
the same thermal history (melting at 210 °C and annealing at 160 °C) was applied before
isothermal crystallization for the PLLA films used in the cell study. Based on the molecular
weights determined using GPC (Table 9.1), I can conclude that the degradation of PLLA mainly
occurred in the melting step. Thermal degradation in the PLLA films during the crystallization was
negligible as the Tcs of 115-135 °C were all much lower than the values in the melting and
annealing steps. Thus, the PLLA homoblends crystallized at different Tcs were considered as the
same in terms of component molecular weights and composition. Spherulites with different sizes
and banded structures, and consequently different surface roughnesses were resulted by varying
the Tc. Surface roughness can often affect surface energy and capability of adsorbing serum
proteins from the culture media. However, as found earlier for PLLA films, surface energy did not
vary with Tc [13] and surface roughness did not affect the protein adsorption significantly [5].
In contrast with the non-banded spherulites of PCL and PHB, PLLA non-banded spherulites
were formed at a Tc higher than the values for forming banded spherulites. When Tc is low, no
lamellar twisting occurs and thus non-banded spherulites form. PLLA non-banded spherulites
observed here might be apparent ones that actually contained crystals twisting with a period larger
than the spherulite radius [27]. Rough spherulitic polymer surfaces were generated in
crystallization, and the surface roughness usually increased with increasing Tc [5,6]. In this
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chapter, surface segregation of the low-molecular-weight component also affected surface
roughness of the PLLA homoblends. At higher Tcs, surface segregation was more significant
because of the different crystallization rates of the PLLA components with different molecular
weights. A higher Tc was closer to the Tm of the low-molecular-weight PLLA, and therefore, its
crystallization rate was lower than that of the high-molecular-weight one. The low-molecularweight PLLA was still an amorphous melt when the high-molecular-weight PLLA started to
crystallize. As the result, the low-molecular-weight PLLA melt with a higher chain mobility
aggregated on the surface, causing surface enrichment and decreased surface roughness. The Rrms
values of crystallized PLLA homoblends in this chapter were higher than those of PCL and PHB
spherulites reported earlier by our research group. Cracks only appeared on the PLLA spherulites
at the highest Tc of 135 °C as the low-molecular-weight PLLA that was more liable to generate
cracks enriched on the surface [28]. Since the cracks were sparse on the spherulites, no effect on
the cell behavior was noticed.
The findings in this chapter demonstrated the correlation between surface roughness and cell
behaviors on PLLA spherulitic surfaces. This correlation was believed to relate to substrate
stiffness via mechanotransduction. For soft substrates such as PCL, rougher surfaces increased the
surface area for cell adhesion and protein adsorption, and consequently supported cell proliferation
better. For stiff substrates such as PHB and PLLA, surface roughness may inhibit the cell
attachment. The roughness difference between amorphous and crystalline PLLA, and that among
different PLLA spherulites both could affect cell behaviors. For SMCs and MC3T3-E1 cells, the
surface roughness of PLLA only affected their attachment and proliferation, but not the shape and
area of both cytoplasm and nuclei. PC12 cells could only attach and proliferate on the films coated
with PDL, but not on the bare PLLA films possibly because of its high stiffness. PDL was an
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alternative to poly(L-lysine) (PLL) with the same function to avoid possible digestion of PLL [3436]. The PDL coating layer on the PLLA surface was ~20 nm and did not significantly change the
surface roughness [37]. PC12 cells might only interact with the PDL layer and thus did not show
significantly different attachment and proliferation among all the PDL-coated PLLA films. PLLA
non-banded spherulites caused MC3T3-E1 cell alignment along the radial direction, while its
banded spherulites did not align the cells. The radial alignment of MC3T3-E1 cells was also found
on the spherulites of PLLA-polyethylene glycol-PLLA comb-dendritic copolymers in our research
group [38]. Although radial cracks were found on the PLLA non-banded spherulites, MC3T3-E1
cell alignment was irrelevant to them.
The ridge-to-valley depth of the PLLA banded spherulites increased from 0.7 to 0.9 m when
the Tc increased from 115 to 123 °C. Although the depth in this chapter was higher than the value
of PCL banded spherulites (~0.35 m), it was still much smaller than the dimension of the cell
nuclei and the bandwidth. As our research group noted in a previous report, MC3T3-E1 cells
preferred (~78%) to stay in the valleys of the banded spherulites, although not absolutely [6]. In
this chapter, both MC3T3-E1 cell and PC12 cell nuclei were also found to prefer to stay in valley,
in particular, the preference was obvious considering the ridge-valley area ratio was 3:2. Moreover,
at a higher Tc, the ridge-to-valley depth was higher and more cell nuclei were located in the valley.
The preference of nuclear location slightly increased when increasing the ridge-to-valley depth.
Different from separate nuclei of the MC3T3-E1 cells, PC12 cell nuclei tended to agglomerate
together and extended to the ridge from the valley, resulting a smaller fraction of PC12 cell nuclei
in the valley than MC3T3-E1 cell nuclei. Noticeable elongation and orientation of cell nuclei were
not seen on the ridge-valley structure, in agreement with our previous reports on the cells cultured
on PCL and PHB banded spherulites [6,23]. The aspect ratio of the surface feature is important in
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“contact guidance” and regulating cytoplasm and nuclei deformation, as proved using the
microgrooved structures [39-41]. Compared with the microgrooved structures, the aspect ratio of
the PLLA banded spherulites, calculated by dividing the ridge-to-valley depth by the bandwidth,
was not sufficiently large (~0.014-0.022) for confining and aligning of cell nuclei and cytoplasm.
However, it is still unclear why MC3T3-E1 cells were aligned along the radial direction on the
non-banded spherulites. The present findings on different cellular responses to PLLA spherulitic
substrates with variance in surface roughness and spherulitic morphology offers better
understanding in how cells interact with polymer crystalline substrates.

9.4 Conclusions
Spherulites of PLLA binary homoblends were prepared through isothermal crystallization.
Addition of low-molecular-weight PLLA3k into the high-molecular-weight one was critical in
forming PLLA banded spherulites, and the annealing process at 160 °C for 30 min resulted in
spherulites with larger bandwidth and size. The highest roughness was found on the PLLA films
with PLLA3k of 30% crystallized at 120 °C, on which the lowest attachment and proliferation of
SMCs and MC3T3-E1 cells were observed. PC12 cells could not attach on the bare PLLA films
except being coated with PDL, but they did not differ in attachment, proliferation, and
differentiation among all the PLLA films coated with PDL. MC3T3-E1 cells were aligned along
the radial direction on the PLLA non-banded spherulites. The nuclei of both MC3T3-E1 cells and
PC12 cells preferred to stay in the valley, and the fraction of the MC3T3-E1 cell nuclei in the
valley was higher than that of PC12 cell nuclei.
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Chapter X. Conclusions
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To supply an extensive database of physical and chemical properties of poly(-caprolactone)
acrylates (PCLAs), in this thesis, (1) the crosslinking efficiency and degradation of PCL
triacrylates (PCLTAs) were studied, and I further investigated the regulation of cell behaviors by
using PCLTAs with different crosslinking time, and different hydrolysis time. (2) To further
improve the crosslink efficiency and gel fraction, 4arm and 6arm PCLAs were prepared, and
microgrooved substrates were also fabricated by photo-crosslinking 4arm and 6arm PCLAs. Cell
responses to these substrates and microgrooved structures were investigated. (3) 1,2-propanediol
isobutyl polyhedral oligomeric silsesquioxane (POSS) was used as initiator to prepare POSS-PCL
diacrylate (POSS-PCLDA) with different POSS contents. Both cardiovascular cell and nerve cell
responses to the crosslinked POSS-PCLDAs were investigated.
To investigate the effect of crosslinking time on the polymer network properties and cellular
behaviors, PCLAs with different molecular weights were crosslinked under UV light for time
ranging from 1 to 60 min. The crosslinking efficiency of PCLA increased with decreasing the
molecular weight and increasing crosslinking time could increase the gel fraction and network
stiffness and decrease the swelling ratio. Primary rat aortic smooth muscle cell (SMC) attachment,
proliferation, spreading, and focal adhesions all increased when the PCLTA molecular weight
increased from 8k to 10k and then to 20k at the same crosslinking time. For the same PCLTA,
SMC attachment, proliferation, spreading, and focal adhesions increased with increasing the
crosslinking time, in particular, between the substrates crosslinked for less than 3 min and longer
than 5 min.
Photo-crosslinked networks of PCLTA and methoxyl polyethylene glycol monoacrylate
(mPEGA)/PCLTA with a weight fraction of mPEGA of 5% were degraded in sodium hydroxide
(NaOH) aqueous solution at 37 °C via expedited hydrolysis for different time periods of 24, 48
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and 60 h to obtain different surface topographies and roughnesses. Longer NaOH hydrolysis time
resulted in rougher surfaces and lower water contact angles for both PCLTA and mPEGA/PCLTA
networks. At all hydrolysis time periods, SMCs were found to have better attachment,
proliferation, spreading, and focal adhesions on mPEGA/PCLTA networks than on PCLTA
networks, as the addition of a small amount of mPEGA increased surface hydrophilicity without
significantly decreasing the stiffness. For both PCLTA and mPEGA/PCLTA networks, longer
NaOH hydrolysis time resulted in better SMC attachment, proliferation, spreading, and focal
adhesions. I also found that the mPEGA/PCLTA network degraded faster and had higher water
adsorption than the PCLTA network in both phosphate buffered saline (PBS) and NaOH aqueous
solution. Both PCLTA and mPEGA/PCLTA networks could be fully degraded in NaOH solution
in 40 days while they were quite stable in PBS for over 16 months with weight residue of higher
than 80%, and the both networks remained high degrees of crystallinity (higher than 36.0%) during
the degradation.
4arm and 6arm PCLAs with different molecular weights were synthesized through acrylation
of PCL tetraols and hexanols, which were prepared via ring-opening polymerization of caprolactone initiated with pentaerythritol and dipentaerythritol, respectively. The multi-arm
PCLAs showed high photo-crosslinking efficiency and the resulted PCLA networks had gel
fractions higher than 82%. By varying the molecular weight of PCLA, both amorphous and semicrystalline PCLA networks were obtained. Photo-crosslinked 4arm and 6arm PCLAs with numberaverage molecular weights (Mns) higher than 10000 g/mol and 13000 g/mol were semi-crystalline
at physiological temperature, which showed distinct thermal and mechanical properties. Compared
to amorphous PCLA networks, semi-crystalline PCLA networks had higher stiffness, rougher
surface, lower hydrophilicity and lower protein adsorption. Among all the surface characteristics,
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other than surface hydrophilicity and roughness, substrate stiffness was the main factor in
promoting SMC attachment, proliferation, spreading, focal adhesions, and contractile gene
expression.
To clarify how microgroove dimensions affected rat aortic SMC responses to microgrooved
substrates of photo-crosslinked PCLAs, photo-cured PCLA substrates were fabricated with
parallel microgrooves (two groove depths of 1 and 12 m and two groove widths of 5 and 15 m)
using replica molding from micromachined silicon wafer templates. Most of the microgrooves did
not affect SMC attachment and proliferation, while only on the microgrooved substrate with a
groove depth of 12 m and a groove width of 5 m, cell proliferation decreased at days 2 and 4
post-seeding. The microgrooves on the substrates were found to decrease the area, regulate the
shape, and generate alignment of SMC cytoskeleton. The SMC nuclei were elongated on 12-5
microgrooved substrates, and the distribution of SMC nuclei were mainly located in the grooves
on 1-15, 12-15, and 12-5 microgrooved substrates. The SMCs on the microgrooved substrates did
not show clear focal adhesions, but had higher contractile phenotypic gene expression levels than
those on the flat substrates, especially when the groove depth was 12 m. Both substrate stiffness
and microgrooves were proved to promote SMC motility. All microgrooves regulated SMCs to
migrate mainly along the groove direction. On the microgrooved substrate with a groove depth of
12 m and a groove width of 5 m, SMC migration speed decreased after the cells were trapped
inside the microgrooves. In addition, different culture time periods and different microgroove
dimensions had no effect on the SMC motility.
1,2-propanediol isobutyl POSS was used as the initiator to synthesize POSS-PCL diols with
different molecular weights (also different POSS weight compositions, POSS) via ring-opening
polymerization of -caprolactone. Then the POSS-PCL diols were further converted to photo266

crosslinkable POSS-PCLDAs via acrylation in the presence of K2CO3. POSS-PCLDAs with
different POSS compositions were photo-crosslinked into networks with mechanical properties
well controlled through the crystallinity and crosslinking density, both of which were determined
by the molecular weight of PCL. Because of the steric hindrance induced by the bulky POSS
nanocage in the center of POSS-PCLDA, the crystallinities of the photo-crosslinked networks were
significantly suppressed. Networks of high-molecular-weight POSS-PCLDAs (Mn higher than
5170 g/mol, POSS smaller than 30%) were still semi-crystalline, while the ones prepared from
low-molecular-weight POSS-PCLDAs were amorphous and demonstrated elastomeric
characteristics at 37 °C. For example, a low elastic modulus of 1.3 MPa and a reversible strain as
high as 400% were achieved when the Mn of POSS-PCLDA was 4650 g/mol (POSS = 32%). Semicrystalline POSS-PCLDA networks better supported SMC attachment, proliferation, and focal
adhesions than amorphous elastomeric POSS-PCLDA networks, while there was no significant
difference in SMC behaviors on the latter. In contrast, amorphous elastomeric POSS-PCLDA
networks significantly better supported rat pheochromocytoma (PC12) cell attachment,
proliferation, and differentiation than semi-crystalline POSS-PCLDA networks. Flexible nerve
conduit was fabricated using the elastomeric POSS-PCLDA, which showed uniform diameter and
thickness.

The study of spherulites in regulating cell behaviors help us better understand cell-material
interaction. The origin and mechanism of distinct cell responses to crystallization-induced surface
characteristics was carefully studied. In this thesis, (1) the crystallization of PCL/ polyethylene
glycol (PEG) blends on different substrates was studied, and the cell responses to the epitaxial
crystallization, and different interfaces (free with air or confined with substrates) were studied. (2)
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Both banded and nonbanded spherulites of poly(3-hydroxybutyrate) (PHB) were prepared, and the
effects of PHB spherulite topographies and cracks on cell behaviors were studied. (3) Poly(L-lactic
acid) (PLLA) homoblends were used to prepare spherulites with different morphologies, and the
regulation of cell behaviors was studied.
PCL and its blends with 5% and 10% PEG were used to prepare crystallized polymer films on
different substrates: glass, Si and polytetrafluoroethylene (PTFE). Both the free surface (the top
surface exposed to air) and the confined surface (the bottom surface contacting the substrate) of
the crystallized polymer films were studied in terms of roughness and hydrophilicity. Glass and Si
substrates did not affect polymer crystallization, while PTFE could induce epitaxial crystallization
that resulted in much smaller spherulites. Different surface morphologies, surface segregation of
hydrophilic PEG, as well as the different interactions with air or substrates affected mouse preosteoblastic MC3T3-E1 cell responses to these polymer surfaces. Polymer surfaces with regular
spherulites could support better MC3T3-E1 cell attachment, proliferation, and FAs than the
surfaces with epitaxial crystals. Addition of PEG into PCL also improved MC3T3-E1 cell
attachment, proliferation, and FAs. Free polymer surfaces on glass/Si substrates supported
MC3T3-E1 cells better than the confined surfaces, while the two sides of the polymer films
crystallized on the PTEF substrate did not differ much.
Banded spherulites with concentric alternating succession of ridges and valleys were observed
on PHB films when they were isothermally crystallized at certain temperatures. Their thermal
properties and surface morphology (spherulites and cracks) were examined. The melting
temperatures and crystallinity degrees did not vary much, while the surface roughness of the
spherulites was higher when crystallization temperature was higher. The number of attached SMCs
and the proliferation rate were smaller on the rougher surfaces, and the highest values were on the
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hot-compressed flat films. Although cracks were found on all the spherulitic PHB films, SMCs
only had obvious alignment along the circular cracks. Roughness and cracks did not affect SMC
nuclear localization and morphology.
Banded and non-banded spherulites were observed on drop-coated films of PLLA binary
homoblends composed of high- and low-molecular-weight components when they were
isothermally crystallized at certain temperatures. The spherulitic patterns showed strong
dependence on the Tc, the blend composition, and the annealing process. PLLA films with PLLA3k
of 30% were found to be able to have better banded structures, and were chosen to regulate cell
behaviors. The surface roughness of these spherulites showed parabolic trend with the T cs. The
SMCs and MC3T3-E1 cells attachment and proliferation were better on the surfaces with less
roughness. MC3T3-E1 cells showed alignment along the radial direction on non-banded
spherulites. PLLA spherulites coated with poly(D-lysine) showed no significant effect on PC12
cell attachment, proliferation and differentiation. The nuclei of MC3T3-E1 cell and PC12 cell had
distribution preference by showing more nuclei located in the valleys than on the ridges.
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